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PREFACE 

If  one  reads  the  literature  dealing  with  problems  relating 
to  the  translocation  of  solutes  within  plants,  it  soon  becomes 
apparent  that,  relative  to  the  importance  of  the  subject, 
very  little  experimental  evidence  is  available  to  which  one 
can  confidently  turn  for  information  and  guidance.  In 
fact,  the  available  evidence  has  led  to  flatly  contradictory 
conclusions.  These  contradictions  obtain  even  with  refer- 
ence to  such  fundamental  points  as  the  tissues  chiefly 
concerned  in  transport,  and  the  mechanism  of  transport. 
One  or  both  of  these  questions  must  be  solved  before  any 
real  progress  can  be  made  in  an  understanding  of  solute 
movement,  or  of  the  factors  influencing  the  direction  of 
movement,  the  rate  of  movement,  or  the  final  distribution 
of  the  materials.  Any  satisfactory  explanation  of  the 
behavior  of  those  plants  which  are  differentiated  into  tissues 
and  organs  haidng  differences  in  abilities  to  produce  or 
absorb  special  substances,  as  for  example  differentiation 
into  leaves  which  carry  on  photosynthesis  and  roots  which 
absorb  soil  solutes  or  water,  must  involve  also  an  explana- 
tion of  conditions  determining  translocation  of  solutes 
from  one  part  to  another,  because  interchange  of  special 
solutes  or  their  distribution  within  an  organism  has  a 
profound  effect  upon  its  behavior.  No  higher  plant  could 
have  developed  or  could  even  continue  to  exist  without  an 
effective  conducting  tissue  and  transport  mechanism. 

Despite  the  importance  of  the  subject,  very  few  texts  of 
general  botany,  or  even  of  plant  physiology,  devote  more 
than  a  paragraph  or  two  to  the  subject  of  translocation, 
while  many  refer  to  the  process  very  indirectly  or  only 
incidentally  in  the  discussion  of  some  other  topic.  My  own 
investigations  led  me  to  disagree  with  some  of  the  generally 
accepted  interpretations  regarding  translocation  and  raised 
several   interesting   problems.     A   consideration   of   these 
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findings,  of  the  commonly  accepted  interpretations,  as 
well  as  the  investigations  of  Madam  Birch-Hirschfeld  and 
Professor  Dixon  led  to  a  realization  of  the  fact  that  the 
evidence  bearing  on  translocation  was  incomplete  and  that 
much  of  that  which  has  been  published  is  directly  contra- 
dictory. It  was  soon  apparent  that  those  favoring  the 
xylem  as  the  tissue  chiefly  concerned  in  solute  transport 
based  their  conclusions  almost  exclusively  on  experiments 
involving  movement  of  materials,  either  naturally  present 
or  introduced,  after  the  conducting  tissues  were  opened  by 
cutting,  while  those  favoring  the  phloem  tissues  as  chiefly 
concerned  in  transport  downward  or  upward  or  in  both 
directions  based  their  conclusion  chiefly  on  ringing  experi- 
ments. Since  several  writers  apparently  failed  to  recognize 
the  relative  significance  of  the  different  methods  used  and 
since  no  works  have  been  published  which  bring  together 
the  various  viewpoints  and  interpretations  relating  to 
solute  translocation,  I  have  attempted  to  bring  some  of  this 
material  together  in  the  present  publication. 

No  attempt  has  been  made  to  refer  to  all  papers  dealing 
with  translocation  problems  or  in  any  sense  to  give  a 
complete  historical  review  of  the  subject.  It  will  be  clearly 
evident  to  the  reader  that  a  great  deal  of  space  has  been 
devoted  to  a  discussion  of  my  own  contributions.  This 
is  largely  due  to  the  fact  that  these  contributions  lead  to 
an  interpretation  that  has  not  been  generally  recognized 
or  accepted.  Perhaps  insufficient  space  has  been  given 
to  a  presentation  of  the  more  recent  findings  of  Mason  and 
Maskell.  This  is  partly  due  to  the  fact  that  the  writing 
of  several  chapters  of  this  book  was  nearly  completed  at 
the  time  their  papers  appeared  and  partly  to  the  fact  that 
many  of  their  experiments  repeat,  under  somewhat  modified 
conditions,  the  experiments  I  had  previously  reported,  and 
lead  to  the  same  conclusions.  Where  their  data  or  interpre- 
tations differ  from  mine,  I  have  discussed  them  at  length. 
Their  publications  are  really  outstanding  contributions 
to  the  subject  and  no  one  interested  in  translocation  should 
fail  to  read  their  original  papers.     The  extensive  work  of 
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Miinch  also  gives  a  great  deal  of  valuable  material  relating 
to  translocation.  A  discussion  of  his  contribution  in  the 
present  publication  is  limited  almost  exclusively  to  his 
interpretations  of  the  mechanism  of  transport.  The 
original  should  be  consulted  for  other  valuable  data  bearing 
on  translocation, 

I  have  attempted  to  give  a  picture  of  the  present  situa- 
tion regarding  translocation  and  to  evaluate  the  methods 
that  have  been  used  in  studying  problems  relating  to  it, 
in  the  hope  that  those  wishing  to  carry  on  with  these 
problems  will  better  appreciate  the  factors  involved  and  the 
weaknesses  as  well  as  the  strong  points  of  the  various 
methods  of  approach.  I  also  hope  this  book  will  serve  to 
make  clear  its  own  incompleteness,  and,  through  raising 
more  problems  than  it  settles,  serve  to  stimulate  further 
investigations  leading  to  an  advance  of  our  knowledge  of 
these  problems  and  their  relation  to  plant  behavior. 

In  several  instances  hypotheses  are  presented  in  some 
detail  and  criticized  in  spite  of  the  fact  that  those  who 
proposed  them  possibly  no  longer  would  uphold  their 
earlier  proposals.  In  several  cases  I  have  had  no  way  of 
knowing  whether  the  hypotheses  had  been  dropped,  but 
even  if  I  had  been  certain  that  they  had  been  discarded  by 
their  authors,  I  think  it  desirable  to  discuss  them  critically, 
especially  in  view  of  the  fact  that  the  same  suggestions  are 
frequently  revived  or  reproposed  with  varying  modifica- 
tions but  often  without  recognition  of  the  underlying 
weaknesses.  At  the  same  time  it  is  also  possible  that  some 
of  the  conclusions  which  are  now  seemingly  obvious  may 
eventually  be  shown  to  be  less  acceptable  than  others 
which  are  here  considered  as  untenable.  I  wish  to  empha- 
size that  the  criticisms  in  no  case  are  directed  toward 
individuals,  but  in  all  cases  against  the  methods  used  or  the 
interpretations  of  the  data. 

I  am  indebted  to  my  father-in-law,  Dr.  F.  E.  Weeks,  for 
his  assistance  in  reading  proof. 

Ithaca,  New  York,  O.  F.  CuRTIS. 

April,  1935. 
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TRANSLOCATION 
IN  PLANTS 


CHAPTER  I 

THE  SIGNIFICANCE  OF  TRANSLOCATION  AND 
EARLIER  OPINIONS  AS  TO  TISSUES  INVOLVED 

1.  The  Importance  of  Translocation. — The  behavior  of 
any  given  cell  or  tissue  of  a  plant  is  largely  determined  by 
the  kinds  and  amounts  of  materials  present  in  that  cell  or 
tissue.  In  the  simple  types  of  organisms,  especially  the 
filamentous  and  unicellular  forms,  the  kinds  and  amounts 
of  materials  present  in  cells  are  largely  determined  by  the 
environment,  which  rather  directly  influences  food  manu- 
facture in  that  particular  cell  or  the  absorption  or  loss  of 
foods,  water,  salts,  ions,  gases,  and  such.  With  most  of 
the  higher  plants,  on  the  other  hand,  where  there  are  much 
differentiation  and  specialization,  certain  types  of  materials 
are  absorbed  or  manufactured  in  rather  restricted  tissues 
or  organs.  For  example,  carbohydrate  manufacture  may 
be  restricted  to  the  leaves,  while  water  absorption  may  take 
place  chiefly  in  limited  regions  of  the  roots,  and  salt  or  ion 
absorption  also  may  be  restricted  to  certain  regions  of  the 
roots.  There  may  be  considerable  specialization  even 
in  the  salt  absorption,  whereby  much  of  one  element — the 
nitrogen,  for  example — may  be  absorbed  chiefly  by  those 
roots  near  the  surface,  while  other  ions  may  be  absorbed  by 
the  more  deeply  penetrating  roots.  Other  tissues  may 
serve  largely  as  food-storage  tissues,  conducting  tissues, 
or  as  mechanical  support.  One  of  the  factors  that  deter- 
mine the  size  and  conformation  of  a  plant  may  be  the 
effectiveness  of  the  translocation  mechanism,  for  it  is 
obvious  that,  to  allow  for  the  development  of  a  plant  with 
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its  photosynthetic  organs  at  a  distance  of  from  10  to  100 
or  more  meters  from  its  mutually  interdependent  salt-  or 
water-absorbing  organs,  it  becomes  imperative  that  some 
effective  transportive  system  be  at  hand.  An  effective 
solute-transporting  system  is  essential  even  for  the  develop- 
ment of  the  smaller  herbaceous  plants  where  distances 
between  organs  do  not  exceed  a  few  centimeters  or  deci- 
meters. In  fact  but  few  of  the  plants  that  now  exist, 
except  the  unicellular  and  some  of  the  filamentous  forms, 
could  have  developed  or  could  continue  to  exist  if  they 
had  not  developed  and  maintained  an  effective  transport 
system. 

It  is  evident  that  no  one  cell  or  tissue  of  a  higher  plant  is 
self-sufficient,  and  that  conditions  determining  the  move- 
ment of  materials  from  one  region  to  another  may  pro- 
foundly influence  the  behavior  of  these  different  cells  and 
tissues,  and  therefore  the  plant  as  a  whole.  For  example, 
the  behavior  of  a  plant  may  be  largely  determined  by  what 
eventually  becomes  of  the  carbohydrates  manufactured  in 
a  leaf;  that  is,  whether  they  stay  in  the  leaf,  are  carried  to 
the  apical  shoot  meristem  or  to  the  axillary  meristems,  or 
are  carried  to  the  stem  cambium,  the  root  apex,  the  root 
cambium,  or  to  a  storage  organ,  or  to  fruits.  In  a  similar 
way  the  distribution  of  the  materials,  such  as  water  and 
various  salts  or  ions  absorbed  by  the  roots,  may  profoundly 
influence  behavior. 

Of  the  immense  number  of  actual  or  potential  growing 
points,  as  in  that  part  of  a  tree  which  is  above  ground, 
only  a  few  ever  grow  under  what  we  call  '"'normal"  condi- 
tions. Yet  in  most  plants  any  bud,  except  perhaps  the 
flower  bud,  is  capable  of  producing  a  shoot,  and  in  many 
kinds  of  plants  almost  any  meristematic  cell  is  capable  of 
producing  either  a  shoot  or  a  root.  Though  some  investi- 
gators think  that  normal  behavior  as  regards  growth  corre- 
lations is  controlled  largely  through  the  transmission  of 
influences  or  stimuh,  it  is  equally  possible  that  normal 
behavior  is  controlled  largely  through  ''normal"  distribu- 
tion of  materials.     By  upsetting  this  distribution  of  mate- 
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rials,  by  cutting  or  otherwise  interfering  with  the  movement 
of  solutes  and  perhaps  water,  though  chiefly  the  former, 
one  can  greatly  alter  behavior  of  this  sort,  especially  of 
regeneration  phenomena.  It  is  true  that  utilization  in  its 
broader  sense  has  a  distinct  role  to  play  in  distribution. 
Therefore  in  one  sense  behavior  partly  determines  distribu- 
tion and  yet,  in  the  last  analysis,  distribution  also  controls 
behavior. 

It  is  rather  clear  that  a  knowledge  of  how  materials  move 
about  within  a  plant  and  what  conditions  determine  this 
distribution  are  of  fundamental  importance  to  one  attempt- 
ing to  explain  many  types  of  plant  behavior.  Considering 
its  importance  it  would  seem  that  much  attention  would 
have  been  directed  toward  a  solution  of  the  problems  of 
translocation.  Problems  of  major  importance  obviously 
involve  the  following:  The  tissues  concerned  in  trans- 
location, the  mechanism  of  transport,  factors  determining 
the  direction  of  transport,  and  factors  influencing  the  rate 
of  movement.  It  is  true  that  a  great  deal  of  attention  has 
been  given  to  the  problems  of  water  movement  within 
plants,  but  it  is  rather  surprising  how  little  attention, 
either  in  the  general  Uterature  or  in  textbooks,  has  been 
given  to  solute  movement.  Lecomte,  in  1889,  stated  that 
no  problem  is  more  important  to  the  life  of  the  plant  than 
translocation  and  none  has  been  more  neglected  by  bota- 
nists. But  neither  his  own  valuable  contributions  nor  his 
statement  concerning  the  importance  of  the  subject  served 
to  stimulate  much  interest  in  the  subject. 

The  lack  of  attention  given  to  these  problems  may  have 
been  due  in  part  to  a  failure  to  appreciate  that  they  are 
problems.  In  fact  until  recently  it  has  been  assumed  that 
the  tissues  concerned  in  the  movement  and  the  method  of 
movement,  particularly  that  from  the  roots  to  the  leafy 
parts,  and  the  factors  influencing  the  rate  of  movement 
were  rather  fully  understood. 

2.  Older  Ideas  as  to  Tissues  Concerned  in  Upward 
Transfer. — The  absorption  of  large  amounts  of  water  by  the 
roots,  its  passage  through  the  wood  to  the  leaves,  and  its 
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loss  from  the  leaves  have  been  repeatedly  observed  since 
the  time  of  Malpighi   (1679)   and  Hales   (1727).     When 
it  was  recognized  that  essential  mineral  salts  are  absorbed 
from  the  soil  solution,  it  was  immediately  apparent  that 
absorption  of  water  and  its  movement  through  the  plant 
might  account  for  both  the  absorption  and  the  movement 
of  these  salts.     Weight  was  added  to  the  assumption  that 
solutes  are  absorbed  and  carried  with  the  transpiration 
stream,   by   the   observations   that,   when  cut  stems  are 
placed  in  solutions   of   dyes   or  other  solutes,   these   are 
absorbed  with  the  water  and  carried  with  it  through  the 
xylem.     Among  some  of  the  earliest  experiments  dealing 
with  the  movement  of  water  through  stems  are  to  be  found 
experiments    of    this    kind    with    dye    solutions.     Knight 
(1801)  made  use  of  colored  solutions  in  tracing  conducting 
tissues,  and  Pfeffer   (1900,  p.  217)  speaks  of  Magnol  in 
1709  and  De  la  Baisse  in  1733  as  having  carried  out  such 
experiments.     Indeed  such  experiments  have  been  repeated 
innumerable  times  by  beginning  and  advanced  students 
in  experimental  botany  as  well  as  by  investigators  and  have 
naturally  led  to  the  seemingly  obvious  conclusion  that  the 
upward  movement  of  solutes  takes  place  with  the  trans- 
piration stream  through  the  xylem.     The  amount  of  solute 
absorption  and  the  rate  and  direction  of  its  movement  are, 
under  these   conditions,   found  to  be   determined  by  the 
amount,  rate,  and  direction  of  water  movement.     Studies 
on   transpiration    and    water    absorption    and    conduction 
seemed  therefore  to  help  in  solving  the  problems  of  the 
absorption  and  upward  transfer  of  solutes. 

It  would  be  perhaps  impossible  and  certainly  imprac- 
ticable to  list  all  the  papers  which  contain  data  of  this 
nature  dealing  with  the  conduction  of  solutions  through 
stems.  Many  have  used  dyes  and  have  traced  their 
movement  macroscopically  or  microscopically.  Others 
have  used  colorless  salts  and  have  traced  the  movement 
spectroscopically  or  chemically  (iron,  lithium,  beryllium, 
caesium).  Colloidal  sols  also  have  been  used,  both  under 
conditions    when    the    material    was    colored    and    easily 


SIGNIFICANCE  AND  EARLY  IDEAS  5 

observed,  and  when  a  microchemical  test  was  necessary 
for  demonstrating  its  presence,  as  when  dilute  solutions  of 
starch  have  been  used.  Nearly  all  data  from  this  type  of 
experiment  have  clearly  shown  a  close  interrelation  between 
solute  movement  and  water  movement.  In  fact,  the  one 
has  often  been  used  as  a  measure  of  the  other. 

Experiments  with  solute  injection  have  seemed  to  con- 
firm the  conclusion  that  solute  movement  and  water 
movement  go  hand  in  hand;  for  when  the  stem  is  not 
entirely  severed  but  is  left  on  the  parent  plant  so  that  it 
can  still  obtain  part  of  its  water  normally  and  is  not  forced 
to  obtain  all  its  water  from  the  solution  supplied,  even  then, 
if  solutions  of  dyes  or  salts  are  introduced  through  incisions 
of  various  types,  these  solutions  are  carried  almost  exclu- 
sively through  the  water-conducting  channels  as  in  the 
completely  severed  stems.  A  number  of  investigators 
(Yendo,  1917;  Birch-Hirschfeld,  1920;  Rumbold,  1920; 
Dixon,  1922;  MacDougal,  1925;  and  others)  have  observed 
that  in  such  injection  experiments  the  solutions  may 
move  not  only  toward  the  apex  of  the  stem  but  also  basally. 
These  observations  of  backward  movement  in  water- 
conducting  tissues  have  been  drawn  upon,  as  evidence  for 
a  normal  backward  flow  of  solution  through  the  xylem, 
to  support  the  recently  proposed  hypothesis  that  not  only 
upward  movement  but  also  movement  of  foods  backward 
from  the  leaves  occurs  through  the  xylem.  This  will 
be  discussed  more  fully  in  Chap.  IV. 

Though  the  xylem  readily  carries  solutes  in  solution  when 
they  are  introduced  into  it,  this  is  no  more  than  suggestive 
evidence  that  solutes  are  normally  carried  there.  The 
finding  of  various  solutes  in  the  water  exuding  from  cut 
stems,  however,  seems  to  offer  rather  convincing  proof  that 
solutes,  both  organic  and  inorganic,  may  be  present  there 
normally  and  that  the  xylem,  therefore,  may  normally 
act  as  a  channel  for  transport.  Many  plants  have  been 
found  to  ''bleed"  freely  when  the  stem  is  severed.  In 
those  woody  plants  that  show  such  bleeding  the  sap  flow 
is  most  profuse  in  early  spring  before  the  buds  break,  and 
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at  that  time  also  the  sap  contains  the  highest  organic 
solute  content.  Jones,  Edson,  and  Morse  (1903)  have 
published  a  valuable  paper  dealing  with  various  aspects 
of  the  flow  of  sugary  sap  from  maple  and  other  trees. 
Sap  flowing  at  that  time  of  year  from  borings  into  the 
xylem  of  sugar  maples  {Acer  saccharum)  and  closely  related 
species  {A.  nigrum,  saccharinum ,  rubrum)  has  commonly  a 
sugar  concentration  of  from  2  to  4  per  cent,  and  concen- 
trations up  to  8  per  cent  have  been  reported.  A  rather 
extensive  industry  based  on  the  collection  of  this  sap 
sugar  has  developed  in  northern  United  States  and  Canada. 
According  to  the  1910  census,  approximately  23  million 
kilograms  of  sugar  are  collected  annually  from  these  trees 
in  the  United  States.  A  single  fair-sized  tree  may  produce 
25  to  75  liters  of  sap  and  0.5  to  3  kg.  of  sugar  in  a  season. 
There  is  no  doubt  that  this  comes  entirely  from  the  xylem, 
and  it  is  commonly  assumed  that  the  sugar  solution  is 
carried  in  the  transpiration  stream  to  the  developing 
shoots.  Many  other  kinds  of  plants  also  have  been  found 
to  exude  a  sap  more  or  less  rich  in  organic  and  inorganic 
solutes.  (Schroeder,  1871;  Moreau  and  Vinet,  1923; 
Priestley  and  Wormall,  1925).  The  total  solute  concen- 
tration, however,  or  the  concentration  of  any  one  solute, 
except  sucrose  as  in  the  maple,  butternut,  hickory,  Ostrya, 
and  a  few  such  plants,  has  been  found  to  be  rather  low. 

3.  Older  Ideas  as  to  Tissues  Concerned  in  Downward 
Transfer. — Even  before  anything  was  known  about  photo- 
synthesis and  before  it  was  known  that  most  of  the  organic 
matter  is  manufactured  in  the  leaves,  it  was  recognized 
that  there  was  a  movement  backward  from  the  leaves  of 
some  substance  or  substances  which  are  necessary  for  the 
growth  of  the  stem  or  roots,  and  that  cutting  the  layers 
external  to  the  woody  cylinder  prevented  this  backward 
movement.  Malpighi  (1679)  considered  that  crude  sap 
ascended  through  the  wood  to  the  leaves  where  it  was  in 
some  way  changed  and  then  passed  backward  through  these 
outer  tissues  to  regions  of  storage  or  growth.  He  was  led 
to  these  conclusions  by  ringing  experiments.     Hales  (1727) 
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carried   out  ringing  experiments   and  observed  increased 
swelling   above   rings   and  between   rings   if   leaves   were 
present,  but  no  swelling  if  they  were  absent.     He  definitely 
states,  however,  that  this  increased  growth  is  not  due  to  a 
stoppage  of  the  sap  in  its  return  downward.     He  demon- 
strated the  possibility  of  a  backward  flow  of  water  through 
the  wood  and  suggested  a  flow  and  ebb  of  sap  through 
the  wood.     Knight  (1801)  carried  out  a  number  of  ringing 
experiments  which  showed  that  tissues  below  rings  failed 
to  grow  unless  a  shoot  or  leaves  were  present.     Parts  of  the 
stem  isolated  from  the  rest  of  the  stem  by  rings  showed 
growth  in  diameter  if  leaves  were  present  but  no  growth  if 
leaves   were    absent   from   the   isolated   portion.     Knight 
found  that  colored  solutions  would  readily  move  through 
the  woody  part  of  the  stem  but  not  through  any  tissue 
external  to  the  wood.     On  examination  of  the  bundles  of 
tubes   leading  through   the   petioles   of  apple  and  horse- 
chestnut   leaves,   only   some   of   them  were   found  to  be 
stained    with    these    colored    solutions.     He    traced    the 
uncolored  tubes  backward  and  found  them  to  lead  through 
the  petiole  to  the  inner  bark  and  not  to  the  wood.     He 
suggested  that  these  were  the  tubes  concerned  in  the  back- 
ward   movement    of    materials    prepared    by    the    leaves. 
Removal  of  leaves  or  a  reduction  of  their  area  correspond- 
ingly reduced  the  growth  of  the  tissue  below  their  insertion. 
From  experiments  which  showed  that  the  removal  of  the 
pith — which  also  was  not  stained  by  the  colored  sap — did 
not  hinder  transfer,  he  concluded  that  it  is  not  concerned  in 
backward  translocation. 

Since  these  early  observations  many  detailed  studies  have 
been  made  on  the  occurrence,  structure,  and  arrangement 
of  these  tissues  which  are  supposedly  the  principal  channels 
for  the  backward  translocation  of  foods.  These  tissues 
commonly  consisting  of  several  types  of  cells  are  usually 
spoken  of  as  phloem  tissues,  although  ''bast"  and  ''bark" 
are  occasionally  used  as  synonymous  terms. 

The  large  number  of  ringing  experiments  that  have  been 
carried  out  since  the  time  of  Malpighi  seem  to  have  proved 
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that  the  phloem  tissues  are  concerned  in  the  backward 
transfer  of  foods  from  the  leaves.  That  cutting  the  phloem 
prevents  this  backward  movement  of  foods  has  been 
repeatedly  demonstrated  not  only  by  the  lack  of  growth  in 
stems,  roots,  or  organs  when  separated  from  the  leaves  by 
rings,  and  by  the  failure  of  such  organs  to  receive  food, 
as  indicated  by  measurements  of  dry  weight  as  well  as  by 
chemical  analysis,  but  also  by  the  accumulation  of  these 
foods  above  the  ring.  This  has  been  made  evident  by  the 
increased  diameter  growth  of  the  stem,  increased  growth  of 
fruits  or  other  storage  organs,  and  marked  accumulation 
of  organic  materials  as  demonstrated  by  dry  weight  and 
chemical  analyses. 

It  seems  still  more  probable  that  the  phloem  is  the  tissue 
concerned  in  this  backward  transfer,  from  the  observation 
that,  when  only  the  cortex  tissues  external  to  the  phloem 
are  removed,  food  transfer  is  not  prevented,  and  this 
conclusion  is  still  further  supported  by  the  observations 
(Hanstein,  1860;  Weevers,  1928;  and  others)  that  those 
plants  which  have  an  internal  phloem  do  not  fail  to  trans- 
port foods  backward  even  when  all  tissues  external  to  the 
xylem  are  removed. 

The  fact  that  phloem  tissues  usually  contain  elongated 
cells  which  are  connected  in  a  continuous  longitudinal 
series  by  pores  or  connections  through  sieve  plates  or  fields 
has  been  cited  as  evidence  that  these  tissues  seem  well 
adapted  for  food  transport.  The  presence  of  a  high  content 
of  sugar  and  proteins  within  the  tissues  (Kraus,  1886; 
Zaccharias,  1884;  Hartig,  1860)  is  added  evidence  that  they 
may  play  a  role  in  transport  of  these  foods.  Since  there 
are  no  other  tissues  that  seem  adaptable  to  backward 
movement,  these  observations,  together  with  the  fact  that 
it  is  difficult  to  see  how  foods  could  move  down  through  the 
xylem  where  water  is  rising,  have  led  to  the  conclusion  that 
backward  movement  of  materials  occurs  through  the 
phloem  tissues. 

Until  recently,  therefore,  there  was  almost  perfect  agree- 
ment among  botanists — indeed  one  of  the  few  points  in 
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which  there  was  such  agreement — that  upward  movement 
of  solutes  occurs  chiefly  through  the  xylem,  the  rate  and 
direction  of  movement  being  largely  determined  by  trans- 
spiration,  and  that  downward  movement  takes  place  almost 
entirely  through  the  phloem.  There  was  not  agreement, 
however,  as  to  the  mechanism  of  this  downward  movement 
nor  as  to  the  exact  cells  concerned,  whether  sieve  tubes, 
companion  cells,  or  phloem  parenchyma.  Mangham 
(1910)  discusses  the  evidence  put  forward  by  various 
investigators  favoring  or  opposing  specialization  of  trans- 
port in  special  cells  of  the  phloem.  There  was  also  partial 
disagreement  as  to  upward  movement.  Some  have 
assumed  there  is  no  upward  movement  through  the  phloem 
(Reed  and  Halma,  1919a),  while  others  (Hanstein,  1860; 
and  Leclerc  du  Sablon,  1906)  have  thought  some  upward 
movement  might  occur  through  the  phloem,  especially 
movement  into  fruits  and  storage  organs  from  which 
transpiration  is  low.  Though  Hanstein  concluded  that 
certain  types  of  materials  (freshly  assimilated  sap  as  well 
as  the  reserves  stored  in  the  bark)  moved  up  almost 
exclusively  through  the  phloem,  he  assumed  that  salts 
absorbed  from  the  soil  solution  moved  through  the  xylem. 
He  seemed  to  think  that  reserve  foods  that  had  been  stored 
in  the  xylem,  especially  sugars,  are  carried  in  the  xylem 
but  felt  the  evidence  to  be  inconclusive.  Leclerc  du  Sablon 
also  thought  some  materials  moved  up  through  the  phloem 
but  assumed  that  nutrient  salts  were  carried  chiefly  in  the 
transpiration  stream. 

Atkins  (1916,  p.  187)  is  rather  critical  of  botanical  texts 
because  they  have  failed  to  emphasize  the  importance  of 
the  xylem  in  carrying  carbohydrates.  He  states  (p.  201) 
that  ''the  transference  of  carbohydrates  can  no  longer  be 
regarded  as  an  occasional  and  accessory  function  of  the 
vessels  but  is  certainly  a  continual  and  principal  function," 
and  again  (p.  214)  he  says,  "The  conveyance  upwards  of 
sugars,  of  which  sucrose  appears  to  be  the  most 
important,  is  a  continual  and  primary  function  of  the 
tracheae." 
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In  1920  I  reported  some  experiments  which  led  me  to 
suggest  that  both  upward  and  downwprd  movements  of 
sugars  occur  chiefly  in  the  phloem  and  that  probably  very 
little  upward  transport  takes  place  through  the  xylem. 
In  the  same  year,  1920,  Madam  Birch-Hirschfeld  published 
results  of  experiments  which  led  her  to  think  that  the 
phloem  was  not  adequate  for  carrying  foods  downward. 
A  backward  flow  of  introduced  solutes  readily  took  place 
through  the  xylem,  however,  and  this  tissue,  she  suggested, 
might  serve  for  the  backward  movement  of  photosynthate 
from  the  leaves.  In  1922  Professor  Dixon  read  a  paper 
at  the  British  Association  meetings  in  which  he  reempha- 
sized  the  probable  inadequacy  of  the  phloem  as  a  tissue  for 
transport,  and  definitely  proposed  the  hypothesis  that  the 
xylem  is  chiefly  concerned  not  only  in  upward  transfer  but 
also  in  the  backward  transport  of  solutes. 

It  is  interesting  therefore  to  realize  that,  previous  to  the 
period  1920  to  1922,  it  was  supposed  that  it  was  definitely 
known  what  tissues  were  concerned  in  solute  movement, 
while  at  that  time  three  distinct  hypotheses  were  advocated ; 
the  older  one  in  which  there  were  supposed  to  be  two 
channels  for  solute  transport,  one,  the  xylem,  for  upward 
transport  and  the  other,  the  phloem,  for  downward  trans- 
port; and  two  more  recent  hypotheses  proposing  only  one 
tissue  to  be  chiefly  concerned  in  solute  transport  in  both 
directions,  the  one  proposing  that  this  transport  takes 
place  in  both  directions  through  the  xylem,  and  the  other 
that  it  takes  place  chiefly  through  the  phloem.  A  fourth 
interpretation  has  more  recently  been  proposed  by  Miinch 
(1926)  and  by  Crafts  (1931)  that  certain  solutes,  chiefly 
organic,  are  carried  either  upward  or  downward  through  the 
phloem  but  not  in  both  directions  simultaneously  through 
the  same  region,  while  other  solutes,  chiefly  mineral  salts, 
are  carried  through  the  xylem  in  the  transpiration  stream. 
Maskell  and  Mason  (1929,  1931)  also  have  suggested  that 
organic  materials  move  in  both  directions  through  the 
phloem  but  that  salts  move  up  through  the  xylem.  It  is 
obvious  that  the  problem  as  to  the  tissue  or  tissues  con- 
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cerned  in  transport  is  of  major  importance  because  explana- 
tions relating  to  the  other  problems,  such  as  the  mechanism 
involved,  conditions  determining  the  direction  of  move- 
ment, and  factors  influencing  the  rate  of  movement,  all 
will  depend  upon  an  understanding  of  the  tissues  concerned. 
It  seems  therefore  desirable  that  the  evidence  for  the  differ- 
ent hypotheses  be  more  closely  examined  and  compared. 

SUMMARY 

1.  Since  no  cell  of  a  plant  that  is  differentiated  into  leaf,  stem,  and  root 
is  totally  independent  but  is  dependent  upon  other  cells  for  food,  water,  or 
mineral  salts,  and  since  the  behavior  of  individual  cells,  tissues,  or  organs, 
as  well  as  the  plant  itself,  is  largely  determined  by  the  ainounts  and  kinds 
of  these  materials  present,  it  becomes  obvious  that  an  understanding  of  the 
tissues  concerned  in  transport  of  substances  from  one  part  of  a  plant  to 
another,  the  mechanism  of  transport,  and  the  factors  influencing  the  rate 
and  direction  of  transport,  is  of  major  importance  to  one  interested  in  plant 
physiology  or  in  interpreting  behavior. 

2.  Until  rather  recently  it  has  been  widely  held  by  botanists  that  tran- 
spiration largely  controls  both  the  absorption  of  inorganic  salts  from  the 
soil  and  their  transport  from  the  roots  to  the  leaves,  as  well  as  the  upward 
transport  of  organic  foods.  This  conclusion  seemed  substantiated  by  the 
fact  that  large  amounts  of  water  are  absorbed  from  the  soil  and  transported 
to  the  leaves  and  there  evaporated;  that  colored  solutions  introduced  into 
cut  stems  or  through  incisions  of  one  sort  or  another  are  quickly  carried 
through  the  wood  to  the  transpiring  leaves;  and  that  cut  stems  often  exude 
a  sap  containing  various  salts  and  sugars. 

3.  It  has  also  been  widely  held  that  organic  materials,  moving  basally 
from  the  leaves  are  carried  through  the  phloem  tissue.  This  conclusion 
has  been  based  principally  upon  ringing  experiments  that  have  demonstrated 
accumulation  of  foods  and  increased  growth  of  certain  tissues  above  rings, 
and  a  diminished  food  content  and  diminished  root  growth  below  rings. 
This  conclusion  has  been  further  supported  by  observations  showing  high 
carbohydrate  contents  in  the  phloem  tissues,  as  well  as  by  the  fact  that  the 
tissues  seem  to  be  so  constructed  as  to  favor  transport.  About  1920  the 
older  accepted  theories  as  to  tissues  concerned  in  transport  were  called  in 
to  question.  Some  investigators  proposed  that  solute  transport  in  both 
directions  takes  place  through  the  phloem,  others  that  it  takes  place  chiefly 
through  the  xylem.  A  few  years  later  several  distinct  theories  concerning 
the  mechanism  of  transport  and  conditions  determining  the  direction  and 
rate  of  transport  were  proposed. 


CHAPTER  II 

EVIDENCE  FOR  THE  UPWARD  TRANSPORT  OF  ORGANIC 
MATTER  THROUGH  THE  PHLOEM 

4.  Ringing  at  Different  Distances  from  the  Tip  and  the 
Transport  of  Carbohydrates  Previously  Stored  in  the 
Xylem  Region. — In  many  woody  plants  carbohydrates 
are  stored  in  large  quantities  in  the  tissues  internal  to  the 
cambium  layer.  In  the  older  stems  the  wood  parenchyma 
and  medullary  ray  cells  are  rich  in  stored  carbohydrate, 
while  in  the  younger  twigs  the  pith  also  is  often  well  filled. 
Just  before  bud  break  in  the  spring,  not  only  do  these  living 
cells  in  the  xylem  contain  large  quantities  of  soluble  and 
insoluble  carbohydrates,  but  the  water-conducting  cells 
themselves  also  contain  soluble  sugars,  especially  sucrose, 
though  in  some  trees  small  quantities  of  maltose  and  traces 
or  even  appreciable  quantities  of  hexose  may  also  be 
present.  At  this  season  the  solution  in  the  water-conduct- 
ing tissues  may,  in  some  kinds  of  trees,  reach  a  concen- 
tration of  as  high  as  2  to  4  per  cent,  or  even  occasionally 
somewhat  higher.  Jones  et  al.  (1903)  report  as  high  as 
8  per  cent  sugar  in  the  sap  from  the  sugar  maple.  The 
presence  of  this  sugar  solution  at  this  season  of  the  year 
and  its  almost  complete  absence  soon  after  the  shoots  have 
grown  have  led  to  the  seemingly  logical  conclusion,  that  this 
solution  of  carbohydrates  has  been  carried  through  the 
xylem  to  the  newly  developing  shoots,  allowing  for  their 
rapid  growth  in  the  spring. 

In  order  to  determine  whether  the  carbohydrates  stored 
in  the  xylem  of  woody  twigs  move  up  to  the  growing  points 
through  the  xylem  with  the  water  or  through  the  phloem, 
large  numbers  of  twigs  of  several  different  species  of  woody 
plants  were  ringed  in  the  spring  a  short  time  before  growth 
started  (Curtis,  1920a).     The  rings  were  made  at  different 
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distances  from  the  terminal  bud  so  as  to  vary  the  amount  of 
stored  food  available  between  the  ring  and  the  growing 
point. 

Table    1. — Effect   of   Ringing   at   Different   Distances    from   the 

Terminal  Bud  upon  Subsequent  Growth 

Crataegus  ringed  Apr.  8  before  bud  break.      Measured  May  8 


Check  not  ringed 

Ringed  in  2d  internode  from  the  tip 

^i  xylem  and  ^i  of  phloem  cut  away  in  2d  internode . . 

Ringed  in  4th  internode  from  the  tip 

3^  of  xylem  and  ^i  of  phloem  cut  away  in  4th  internode 

Ringed  at  base  of  1-year  wood 

Ringed  on  3-  and  4-year  wood 


Av.  shoot 

elongation, 

mm. 


The  effects  of  this  ringing  on  the  transport  of  food  in 
Crataegus,  as  indicated  by  growth  of  the  bud  above  the  ring, 
are  shown  in  Table  1.  From  these  results  it  is  apparent 
that  something  carried  by  the  phloem  is  necessary  for  shoot 
growth.  It  seems  probable  that  the  lessened  growth 
cannot  have  been  due  to  injury  to  the  xylem  resulting 
from  its  exposure,  because  if  three-fourths  of  the  xylem  is 
exposed  and  half  of  it  is  completely  severed,  shoot  growth 
is  practically  normal.  This  is  evident  from  the  data  in 
Table  1.  The  two  most  obvious  explanations  are  that  the 
xylem  carries  no  solutes,  or  that  it  carries  some  but  does 
not  carry  all  the  kinds  essential  for  growth.  Since  the 
xylem  is  rich  in  carbohydrates  and  low  in  nitrogen,  while 
the  phloem  is  especially  rich  in  nitrogen,  it  would  seem 
likely  that  the  cessation  of  growth  above  a  ring  was  not 
due  to  a  deficiency  of  carbohydrate  but  to  a  deficiency  of 
nitrogenous  material  carried  in  the  phloem.  Tests  for 
starch,  however,  showed  that  at  the  time  growth  practically 
ceased  none  was  present  in  any  part  of  the  stem  above  the 
ring,  while  starch  was  abundant  in  the  storage  tissues  of  both 
xylem  and  phloem  immediately  below  the  ring.     If  nitrogen 
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or  anything  other  than  sugar  were  acting  as  a  Umiting 
factor  for  the  growth  above  the  ring,  one  would  not  expect 
the  starch  to  disappear,  yet  the  shorter  the  piece  above  the 
ring,  the  earlier  was  the  disappearance  of  starch,  and  the 
sooner  did  growth  practically  cease. 

Similar  results  were  obtained  with  all  the  plants  experi- 
mented with  including  Acer  saccharum,  A.  rubrum,  Fagus 
grandifolia,  Pyrus  communis  (pear)  Pyrus  malus  (apple), 
Crataegus  sp.,  and  Ostrya  virginiana.  Detailed  data  from 
several  of  these  experiments  are  given  in  an  earlier  paper 
(Curtis,  1920a).  All  of  these  plants  store  an  abundance  of 
starch  in  the  xylem  tissues  and  some  of  them  {A.  saccharum, 
A.  rubrum,  and  Ostrya)  contained  an  abundance  of  soluble 
sugars  in  the  xylem  at  the  beginning  of  the  experiment, 
and  yet  the  xylem  did  not  seem  capable  of  carrying  these 
solutes  longitudinally  in  sufficient  abundance  to  allow  for 
normal  shoot  growth. 

5.  Disappearance  of  Starch  below  Rings  and  Results 
from  Double-Ringing. — Hartig's  experiments  (1858)  are 
often  cited  as  proving  that  carbohydrates  are  carried 
upward  in  the  transpiration  stream.  He  found  that,  when 
a  tree  was  ringed,  the  starch  below  the  ring  disappeared. 
He  therefore  assumed  that  it  must  have  moved  up  through 
the  xylem,  for  the  phloem  connections  with  the  top  were 
severed.  Selecting  young  oak  trees  of  about  the  diameter 
of  one's  arm  he  ringed  them  at  intervals  of  eight  days  from 
Apr.  1,  1857,  until  the  middle  of  September  of  the  same 
year.  The  rings  were  2  in,  broad  and  placed  4  ft.  from  the 
ground.  Examination  the  following  spring  showed  that 
all  the  starch  below  the  rings  in  those  trees  ringed  previous 
to  June  3,  1857,  had  disappeared  while  those  ringed  after 
that  date  still  contained  starch;  but  it  disappeared  from 
these  also  by  the  autumn  of  1858.  At  the  time  of  ringing 
he  also  cut  down  a  few  trees.  The  following  year  the  starch 
had  disappeared  from  the  roots  of  a  number  of  these  felled 
trees  also,  but  since  the  roots  of  some  of  them  still  contained 
starch,  he  concluded  that  in  the  ringed  trees  the  carbo- 
hydrates stored  in  the  roots  must  have  been  carried  up  with 
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the  water  through  the  xylem.  He  does  not  state  whether 
the  felled  trees  that  retained  starch  were  cut  early  in  the 
season  or  late  or  at  what  season  they  were  examined  for 
starch,  nor  does  he  state  the  relative  number  of  stumps  that 
retained  or  lost  their  carbohydrate  stores. 

Since  other  experiments  have  given  very  definite  mdica- 
tions  that  normally  the  stored  carbohydrates  do  not  move 
through  the  xylem  longitudinally  and  since  in  Hartig's 
experiments  the  disappearance  of  the  carbohydrates  below 
the  ring  may  have  been  due  to  their  utilization  by  the  tissues 
below  the  ring,  a  number  of  experiments  were  carried  out 
in  which  two  rings  were  made  in  the  same  stem,  one  to 
prevent  upward  movement,  and  a  second  at  a  distance 
below  this  first  ring  to  prevent  movement  back  to  the  roots 
or  other  parts. 

Hundreds  of  stems  of  many  sizes  and  ages  were  double- 
ringed  in  this  way  and  they  all  showed  similar  results. 
It  will  be  sufficient  here  to  present  the  results  from  two 
such  experiments.  Pairs  of  stems  of  Ostrya  virginiana 
were  selected  for  experiments  in  double  ringing.  The 
stems  formed  arms  of  forks  and  one  arm  of  each  was 
ringed  on  Apr.  6,  1919.  On  May  6  the  shoots  were  begin- 
ning growth  on  all  the  branches.  No  differences  between 
ringed  and  unringed  stems  were  apparent.  By  May  19 
the  shoots  of  the  check  stems  showed  considerable  addi- 
tional growth  but  those  of  the  ringed  stems  had  made  no 
appreciable  growth  beyond  that  of  May  6.  Stems  cut 
at  this  time  showed  the  following  results: 

Above  the  Ring. — No  trace  of  starch  was  present  in  any 
part  either  in  the  young  twigs  or  in  the  older  parts  of  the 
stem. 

Between  the  Two  Rings. — Starch  was  very  abundant  in 
the  pith,  medullary  rays,  and  cortex. 

Below  the  Lower  Ring. — The  pith  only  contained  traces 
of  starch,  none  being  present  in  the  medullary  rays  or 
cortex. 

In  the  check  stem  which  formed  the  other  arm  of  the  fork 
traces  of  starch  were  present  in  the  pith  only  in  each  of  the 
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regions  corresponding  to  above,  between,  and  below  the 
rings.  No  starch  was  present  in  the  xylem  rays  or  cortex. 
The  period  from  May  5  to  19  was  favorable  for  rapid  growth 
and  utilization  of  the  stored  foods  as  the  rainfall  preceding 
and  during  this  period  was  considerably  above  the  normal ; 
the  temperature  also  was  high  and  the  days  were  cloudy, 
tending  to  interfere  with  the  manufacture  of  carbohydrate 
by  the  young  leaves.  The  part  above  the  upper  ring  was 
therefore  quickly  depleted  of  its  stored  carbohydrates  by 
the  many  growing  shoots.  The  part  between  the  rings 
bore  no  shoots  and  seemed  to  have  lost  none  of  its  starch, 
while  the  part  below  the  lower  ring,  though  it  bore  no 
shoots,  had  become  almost  depleted  of  starch.  Evidently 
the  sugars  from  this  part  had  moved  back  to  the  fork 
from  where  they  had  been  carried  either  up  to  the  growing 
shoots  of  the  unringed  arm  or  back  to  some  other  part  of  the 
tree. 

Similar  results  from  experiments  on  double-ringing  were 
repeatedly  obtained  with  all  the  plants  tested,  which,  in 
addition  to  Ostrya  included  Acer  saccharum,  Fagus  grandi- 
folia,  pear,  apple,  and  several  species  of  Crataegus.  A 
total  of  several  hundred  stems  were  thus  double-ringed. 
In  all  cases,  when  the  starch  had  completely  or  almost 
completely  disappeared  from  the  parts  above  the  upper 
ring  and  had  largely  disappeared  below  the  lower  ring, 
that  part  between  the  rings  and  isolated  by  them  from  the 
food-consuming  tissues  contained  an  abundance  of  starch. 

The  rapidity  and  completeness  of  the  starch  removal 
above  the  upper  ring  are  evidently  determined  by  several 
conditions.  If  the  upper  ring  is  made  close  to  the  terminal 
bud,  the  amount  of  food  stored  above  it  is  small  and  the 
depletion  will  be  more  rapid  and  more  complete,  while  if 
the  ring  is  made  on  an  older  stem,  the  depletion  is  less 
rapid  and  less  complete  (see  Table  1).  The  environment 
also  influences  the  rate  and  amount  of  removal.  If  the 
water  supply  is  plentiful  and  the  temperature  high,  growth 
will  be  rapid  and  the  carbohydrates  more  rapidly  depleted. 
If  also  the  light  intensity  is  low,  the  reformation  of  car- 
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bohydrates  by  the  new  leaves  will  be  less  and  the  depletion 
of  the  stored  supply  will  be  more  rapid  and  more  complete. 
The  spring  of  1919,  in  which  most  of  these  experiments 
were  completed,  was  especially  favorable  for  the  depletion 
of  stored  foods.  When  the  season  is  dryer  and  there  is 
more  sunshine,  growth  is  checked  and  the  stored  foods  are 
less  rapidly  drawn  upon  and  the  new  leaves  may  even  begin 
depositing  new  stores  in  the  young  twigs.  In  such  seasons, 
therefore,  the  starch  may  never  completely  disappear 
above  the  rings.  These  findings  as  well  as  those  reported 
in  Sees.  4  and  7  rather  clearly  indicate  that  the  widespread 
idea  is  wrong  that  much  of  the  carbohydrate  stored  in  the 
trunk  and  roots  of  woody  plants  is  transported  to  the  tops 
in  early  spring  and  there  used  in  shoot  growth.  (See  also 
Curtis,  19206.) 

6.  The  Disappearance  of  Starch  as  a  Criterion  of  Car- 
bohydrate Transport. — Since  starch  disappearance  is  not 
always  correlated  with  the  removal  of  sugar,  a  few  experi- 
ments were  completed  in  which  sugar  analyses  also  were 
used.  Such  analyses  were  obtained  with  both  Acer 
saccharum  and  Fagus  grandifolia.  Several  stems  of  Acer 
saccharum  were  double-ringed  on  Apr,  6  and  7,  1919. 
A  number  of  them  were  cut  between  May  6  and  19.  In  all 
cases  starch  was  very  abundant  between  the  rings,  entirely 
absent  or  present  only  in  traces  above  the  upper  ring,  and 
almost  absent  or  fairly  abundant  below  the  lower  ring. 
The  amount  present  below  the  lower  ring  and  above  the 
upper  ring  depended  on  the  time  of  cutting,  the  size  of  the 
stem,  and  the  position  on  the  tree.  Analyses  were  made  of 
one  of  the  larger  stems  of  the  series.  This  stem  showed 
15  annual  rings  at  the  lower  ring  where  it  was  24.5  mm. 
in  diameter.  The  lower  ring  was  16  cm.  from  the  main 
trunk  and  the  second  ring  was  107  cm.  above  the  first  where 
the  stem  was  20.2  mm.  in  diameter.  Starch  tests  and  sugar 
analyses  for  this  stem  are  presented  in  Table  2  together 
with  similar  tests  for  Fagus. 

A  number  of  stems  of  Fagus  grandifolia  were  double- 
ringed  on  Apr.  7,  1919,  and  results  very  similar  to  those  for 
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Acer  were  obtained.     In  all  cases  iodine  tests  showed  little 
or  no  starch  above  the  upper  ring  and  abundant  starch 

Table  2. — Effect  of  Rings  on  Carbohydrate  Transport  as  Indicated 

BY  Starch  Tests  and  Sugar  Analyses 

Acer  saccharum 


Mg.  invert 
sugar  per  25 
g.  dry  wood 

Starch  as  indicated  by 
iodine  tests 

Above  upper  ring 

53.9 

Slight  traces  in  primary  xylem 
only 

Between  rings 

155.8 

Very  abundant  in  primary  xylem 
and  medullary  rays  throughout 

Below  lower  ring 

124.6 

Absent  from  medullary  rays  of 
outer  annual  ring.  Traces  pres- 
ent in  those  of  second  annual 
ring.  Still  larger  amounts  in 
third.  Abundant  in  fourth  and 
those  internal  to  it.  Also  abun- 
dant in  primary  xylem 

Check 

106.8 

Fairly  abundant  in  primary  xylem 

and  in  medullary  rays  of  inner 

annual  rings,  small  quantities  in 

third  annual  ring,  and  absent  in 

outer  two  * 

Fagus  grandifolia 


Mg.  invert 
sugar  per  75 
g.  dry  wood, 
extracted  by 
80%  alcohol 

Starch  as  indicated  by 
iodine  tests 

Above  upper  ring 

Between  rings     

167.3 

242.6 

172.1 

Traces  in  pith  cells  only 
Abundant  in  pith  and  medullary 

Below  lower  ring 

Check 

raj's 
Traces  in  medullary  rays  and  in 

pith  cells 
Traces  in  smaller  raj^s  and  in  pithf 

*  This  part  corresponded  to  that  between  the  rings  of  the  ringed  stems.  Starch  in  the 
check  stem  decreased  gradually  toward  the  apex  and  increased  somewhat  toward  the  base 
where  it  appeared  very  much  as  below  the  lower  ring. 

t  This  part  was  in  a  position  corresponding  to  that  between  rings  of  the  ringed  stem. 

between  the  rings.     The  stem  analyzed  for  sugar  was  a 
young  sapling  3  cm.  in  diameter  at  a  point  80  cm.  from  the 
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ground.  The  upper  ring  was  made  at  this  point  and  the 
lower  ring  10  cm.  from  the  ground.  This  tree,  with  a 
check  of  similar  size  standing  close  by,  was  cut  on  May  27. 
At  this  time  the  growth  in  length  of  the  shoots  was  prac- 
tically completed  and  there  were  no  apparent  differences 
between  the  shoot  growth  on  the  two  trees.  Data  are 
presented  in  Table  2. 

This  table  shows  a  direct  relation  between  the  sugar 
contents,  as  shown  analytically,  and  the  starch  contents, 
as  indicated  by  the  iodine  tests.  The  relation  holds  not 
only  where  extremes  in  starch  contents  are  compared,  but 
also  where  there  are  four  gradations  in  amounts  of  starch 
as  shown  by  the  iodine  tests,  which  were  made  previous 
to,  and  independently  of,  the  sugar  determinations. 

In  these  few  cases  where  analyses  were  made,  though  the 
amounts  above  the  upper  rings  were  low,  a  distinct  and 
easily  measurable  quantity  still  remained.  In  both 
instances  the  rings  were  so  far  from  the  tip  that  sufficient 
food  was  available  above  the  ring  to  allow  for  seemingly 
normal  growth  of  the  shoots. 

If  analyses  had  been  made  of  stems  which  had  been 
double-ringed  nearer  to  the  apex,  it  is  probable  that  there 
would  have  been  much  greater  differences  between  the 
sugar  contents  above  the  upper  and  between  the  two  rings. 

Although  in  these  ringing  experiments  the  evidence  is 
rather  clear  that  there  is  a  direct  relation  between  starch 
content  and  soluble  carbohydrate  content,  it  is  recognized 
that  this  relation  does  not  always  hold.  Evidence  is 
available  from  many  sources  (Appleman,  1912;  Hopkins, 
1924;  and  others)  showing  that  temperature  influences 
the  starch-sugar  equilibrium  so  that,  in  the  potato,  for 
example,  at  temperatures  close  to  0°C.,  starch  tends  to 
decrease  and  sugars  increase.  These  same  investigators 
obtained  indications  that  this  change  is  reversible,  the 
sugar  changing  back  to  starch  at  intermediate  tempera- 
tures. I  have  found  also  that  at  higher  temperatures 
(25  to  35°C.)  the  sugar  again  tends  to  increase  at  the 
expense  of  the  starch.     Jones  et  at.  (1903)  found  indications 
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of  marked  sugar  increase  in  the  maple  at  a  temperature  of 
about  0°C.  or  below,  and  Sinnott  (1918)  also  observed 
indications  of  such  a  change.  Neither,  however,  has 
presented  analytical  data.  Riissow  (1884),  Fischer  (1891), 
Sinnott  (1918),  and  others  have  observed  also  a  disappear- 
ance of  starch  and  an  appearance  of  fat  at  low  temperatures. 
These  changes  have  been  observed  only  at  rather  extreme 
temperatures.  The  temperature  at  the  time  that  starch 
tests  were  made  on  twigs  reported  in  my  first  paper  (1920a) 
in  no  instance  approached  0°C.  but  usually  varied  between 
10  and  20°C.  The  maximum  and  minimum  during  the 
24  hours  previous  to  the  determination  for  Acer  in  Table  2 
was   17  and  7°C.,  respectively,   and  that  for  Fagus  was 

21  and  16°C.,  respectively.     Furthermore  all  parts  of  the 
stem  must  have  been  exposed  to  the  same  temperature. 

The  water  supply  also  has  been  found  to  influence  the 
starch-sugar  equilibrium.  Lundegardh  (1914),  Bruns 
(1925),  and  several  others  have  observed  that,  when  water 
becomes  deficient  and  leaves  begin  to  wilt,  starch  may  be 
transformed  into  sugar.  In  the  experiments  on  ringing, 
however,  water  did  not  become  deficient.  There  was  very 
little  sunshine  during  the  month  the  tests  were  made  and 
there  had  been  rains  amounting  to  over  half  an  inch  or 
more  during  the  week  preceding  the  time  each  twig  sample 
was  taken.  Even  if  the  water  supply  were  a  factor,  there 
is  no  evidence  that  the  supply  to  the  region  between  the 
rings  would  be  very  different  from  that  to  the  region  above 
or  below.  Starch  tests  on  leaf  tissues  seem  more  likely  to 
be  affected  by  water  changes  than  in  the  stem  tissues  here 
used. 

Light  or  hydrogen  ion  concentration  may  also  influence 
the  sugar-starch  equilibrium,  but  the  different  parts  of  the 
stem  received  similar  light  exposures  and  I  know  of  no 
evidence  that  would  indicate  that  hydrogen  ion  differences 
might  be  concerned  in  the  experiments  reported.  It  has 
been  repeatedly  demonstrated  by  many  investigators 
that  starch  removal  or  deposition  is  closely  correlated  with 
sugar  removal  or  accumulation  in  many  different  types  of 
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tissue.  The  disappearance  of  starch  from  foUage  leaves 
at  night,  when  the  sugar  is  allowed  to  be  carried  away, 
and  its  lack  of  disappearance  when  sugar  removal  is 
checked  have  been  observed  innumerable  times  by  students 
and  investigators.  The  formation  of  starch  when  supplied 
with  sugar  in  the  dark  has  also  been  repeatedly  demon- 
strated since  the  early  work  of  Boehm  (1883),  Schimper 
(1885),  Acton  (1889),  and  Parkin  (1899).  Hansteen 
(1894),  Puriewitsch  (1898),  Grunfeld  (1926),  and  others 
have  shown  that  removal  of  starch  from  several  types  of 
storage  organs  is  largely  determined  by  the  removal  of 
soluble  products,  the  sugars.  By  so  conducting  the  experi- 
ment as  to  remove  the  sugar  produced,  Puriewitsch  was 
successful  in  causing  the  loss  of  starch  from  endosperms  of 
Zea,  Triticum,  Hordeum,  Oryza,  the  cotyledons  oi  Phaseolus, 
Pisum,  Vicia,  bulbs  of  Hyacinth,  Lachenalia,  Oxalis,  and  the 
rhizomes  of  Ranunculus,  Iris,  and  Curcuma.  He  was  also 
able  to  remove  the  fat  from  twigs  of  Tilia. 

For  the  starch  dissolution  it  was  necessary  not  only  to 
remove  the  sugars  but  also  to  keep  the  tissue  well  aerated. 
When  merely  immersed  in  water,  the  starch  did  not  dis- 
appear. Parkin  obtained  indications  that  aeration  is 
necessary  also  for  starch  deposition  when  leaves  are 
supplied  with  sugar  solutions.  When  standing  in  the  air 
on  porous  blocks  of  gypsum  which  were  immersed  in  water, 
the  sugar  was  carried  into  the  water  and  the  starch  com- 
pletely disappeared.  Grunfeld  w^as  successful  in  removing 
starch  by  using  a  number  of  types  of  porous  materials. 
When  the  volume  of  water  used  was  small  so  that  the 
external  sugar  solution  rose  to  a  high  point,  about  2.5 
per  cent,  further  starch  digestion  ceased,  but  when  the 
volume  of  water  was  greater  the  dissolution  was  more 
rapid  and  also  became  complete.  The  addition  of  sugar 
to  the  external  solution  prevented  starch  digestion.  Purie- 
witsch also  found  that  in  many  tissues,  with  the  exception 
of  endosperms,  he  could  bring  about  the  redeposition  of 
starch  in  tissues  lacking  it  by  immersing  them  in  sugar 
solutions.     Grunfeld  was  successful  even  in  refilling  endo- 
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sperms.  I  have  found  it  a  simple  matter  to  cause  starch 
deposition  in  twigs  lacking  starch  by  injecting  sugar 
solutions  (Curtis,  1918). 


1  2  3 

Fig.  1. — Drawing  to  indicate  methods  of  treatment  to  study  the  effects  of 
rings  on  upward  movement  of  carbohydrate  or  of  nitrogen  when  the  movement 
of  water  through  the  stems  is  similar  in  all  cases.  R  indicates  the  positions  of 
rings.  In  some  experiments  rings  were  also  placed  at  R' .  In  all  cases  ring 
wounds  were  protected  with  melted  paraffin  and  the  stems  were  of  course 
attached  to  the  parent  plant.  For  experiments  invoh-ing  use  of  this  method  of 
ringing  see  pp.  30,  50,  200,  239. 

Not  only  was  it  found  that  starch  removal  from  a  piece 
of  stem  is  prevented  if  that  part  is  isolated  by  double  rings 
but  it  was  also  found  that,  if  the  stem  lacked  starch  at  the 
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beginning,  its  deposition  would  not  occur  in  any  part 
isolated  by  rings  from  a  source  of  supply.  This  was 
observed  in  many  experiments  of  which  the  type  shown  in 
Fig.  1  is  a  good  example.  In  stems  treated  as  No.  2  of 
Fig.  1,  no  starch  appeared  in  any  part  of  the  defoliated 
region  isolated  by  rings,  even  though  it  was  very  abundant 
in  the  tissues  above  the  upper  ring  and  below  the  lower. 
In  stems  ringed  like  Nos.  1  and  3,  on  the  other  hand, 
in  which  the  single  ring  prevented  phloem  connection 
respectively  with  the  leaves  above  only  and  below  only, 
there  was  always  abundant  starch  in  the  defoliated  part. 
This  starch  was  clearly  evident  in  the  pith,  xylem  paren- 
chyma, phloem  parenchyma,  and  cortex.  Stems  like  No.  3 
with  the  single  ring  at  the  base  of  the  defoliated  region 
contained  more  starch  than  those  like  No.  1  with  the  single 
ring  at  the  top.  The  dry  weight  of  the  bark  (everything 
external  to  the  cambium)  together  with  the  dry  weight 
and  volume  of  the  xylem  was  determined  for  the  defoliated 
regions.     These  are  presented  in  Table  3. 

Table  3. — Effect  of  Number  and  Position  of  Rings  on  Starch  Content 
AND  Dry  Weight  of  a  Defoliated  Region  of  Stem 


No. 


Position  of  rings 


Ring  at  top  only  of  defoli- 
ated region 


Rings  at  top  and  bottom  of 
defoliated  region 


Ring  at  bottom  only  of  de- 
foliated region 


Starch 

test 


Abundant 


Absent 


Very 
abundant 


Dry 

Dry 

Dry 

Vol. 

wt. 

wt. 

wt. 

of 

of 

of 

of 

wood,  * 

stem 

wood 

bark 

cc. 

1.2444 

0 . 7858 

0.4586 

1.06 

0.9885 

0.6077 

0.3808 

0.91 

1 . 7039 

1.0797 

0.6242 

1.29 

Dry  wt. 
per  cc.  of 

wood 

including 

pith 


0.74 

0.67 
0.84 


*  This  was  calculated  from  the  diameters  at  each  end  of  the  twig  and  its  length.  In  the 
original  paper  the  volumes  given  were  all  ten  times  too  high  as  the  decimal  point  was  mis- 
placed.    The  relative  differences,  however,  were  not  altered. 


These  data  on  dry  weights  and  of  the  weight  per  unit 
volume  of  these  defoliated  regions  confirm  the  evidence 
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from  the  starch  tests  that  the  defoUated  region,  when 
completely  isolated  from  a  source  of  supply  by  rings, 
receives  little  or  no  carbohydrate.  However,  when  isolated 
from  a  source  above  only  or  from  below  only,  the  food 
moves  readily  into  the  defoliated  region.  Both  the  dry 
weights  and  the  specific  gravity  calculations  vary  directly 
with  the  starch  contents  as  indicated  by  the  iodine  tests 
and  offer  evidence,  additional  to  that  from  the  sugar 
analyses  presented  in  Table  2,  that  in  experiments  of  this 
type  starch  tests  give  a  fair  indication  of  the  total  amount 
of  carbohydrate  present. 

Other  experiments,  in  which  defoliated  and  undefoliated 
regions  completely  isolated  by  rings  alternated  with  each 
other,  showed  high  starch  contents  in  those  regions  bearing 
leaves  and  a  low  content  or  complete  absence  in  those 
defoliated.  The  results  from  some  such  experiments  are 
reported  on  page  50. 

Knight  (1801),  though  he  made  no  direct  tests  for  car- 
bohydrates, observed  the  effects  of  the  presence  or  absence 
of  leaves  on  the  diameter  growth  of  regions  of  the  stem 
completely  isolated  by  rings.  He  observed  not  only  the 
effects  of  complete  defoUation  but  also  those  of  partial 
reduction  of  leaf  area,  and  found  a  direct  relation  between 
amount  of  diameter  growth  and  leaf  area  borne  by  the 
isolated  region. 

Swarbrick  (1927)  has  suggested  that  these  data  on  the 
disappearance  or  appearance  of  starch  between  double 
rings  are  not  to  be  interpreted  as  related  to  the  effects  of 
the  rings  on  transport  but  to  something  that  influences 
cambial  activity.  As  mentioned  on  page  32,  however,  he 
fails  to  distinguish  between  depletion  due  to  transport  and 
that  due  to  utiUzation  by  living  cells  in  the  immediate 
neighborhood. 

7.  The  Effect  of  Ringing  on  the  Transport  of  Carbo- 
hydrate to  Growing  Shoots  after  That  Stored  in  the  Xylem 
Is  Depleted. — In  order  to  determine  the  channel  of  trans- 
port to  growing  shoots,  large  numbers  of  vigorous  leafy 
shoots  which  had  not  completed  terminal  growth  were 
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selected  and  treated  as  indicated  in  Fig.  2  (Curtis,  1920a). 
Number  1  was  left  as  a  check  with  no  treatment  whatever. 
Number  2  was  ringed  and  leaves  left  above  the  ring,  in 
part  to  test  whether  the  ring  interfered  with  water  move- 
ment to  the  leaves  and  in  part  to  see  if  leaves  could  supply 


Fig.  2. — Drawing  to  indicate  methods  of  treatment  for  studying  the  effects 
of  rings  on  the  upward  transport  of  solutes  into  growing  shoots.  1,  leafy  check; 
2,  leafy  ringed;  3,  defoliated  check;  4,  defoliated  ringed.  Ring  wounds  were 
always  protected  with  melted  paraffin  and  the  stems  were  attached  to  the  parent 
plant.  '• 

materials  for  growth.  Number  3  was  defohated  for 
a  distance,  usually  10  to  20  cm.  or  to  the  base  of  the  shoot, 
to  determine  the  effects  of  defohation  alone  on  growth. 
Number  4  was  defoliated  to  the  same  extent  as  No.  3  and 
the  stem  was  ringed  at  the  base  of  the  defohated  region 
to  see  if  the  material  necessary  for  the  growth  of  the  shoot 
could  be  carried  through  the  xylem  from  the  manufacturing 
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or  storage  tissues  below.  The  reason  for  the  defoHation  was 
to  eliminate  the  possibility  of  the  utihzation  of  food  manu- 
factured or  stored  in  the  leaves  of  that  region.  Growth, 
as  measured  by  increase  in  length  of  the  shoot,  was  most 
commonly  taken  as  a  measure  of  solute  movement,  though 
in  a  few  instances  the  fresh  weights,  dry  weights,  sugar 
contents,  and  freezing-point  depressions  were  also  taken  as 
criteria.  Measurements  were  usually  made  at  a  period 
from  one  to  three  days  after  the  beginning  of  the  experi- 
ment, though  in  a  number  of  cases  measurements  were 
continued  up  to  periods  of  six  to  fifteen  or  more  days. 
Representative  data  are  summarized  in  Table  4. 


Table  4. — The  Influence  of  Defoi 

.lATION 

AND  Ringing  upon  Shoot 

Growth 

Period 

Average  growth,  millimeters 

No. 
shoots. 

Plant 

Series 

of 

Not 

Ringed 

Not 
ringed 

Ringed 

growth, 

av. 

ringed 

leaves 

leaves 

days 

leaves 
present 

present 

leaves 
removed 

removed 

Philadelphus 

1 

9 

5 

341 

118 

270 

5 

Philadelphus 

2 

5 

14 

164 

130 

80 

16 

Philadelphus 

3 

3 

8 

94 

71 

36 

14 

Apple 

4 

19 

6 

45 

53 

34 

3 

Ligustrum 

5 

15 

7 

136 

146 

74 

7 

Ligustrum 

6 

14 

6 

125 

106 

58 

2 

From  these  data  it  is  evident  that  growth  is  very  weak 
in  shoots  that  are  both  defoliated  and  ringed.  The  growth 
in  the  other  shoots  was  always  distinctly  better,  but  the 
relative  order  of  their  growth  depended  on  the  length  of 
shoot  and  therefore  on  the  number  of  leaves  above  the 
ring,  or  the  length  of  shoot  defohated,  and  also  in  part 
upon  the  number  of  leaves  below  the  ring.  For  example, 
if  that  part  of  the  shoot  bearing  leaves  above  the  ring  is 
long,  the  growth  of  this  part  is  much  greater  than  if  the 
length,  and  therefore  the  number  of  leaves  supplying  the 
food,  is  less.  If  the  defohated  region  is  short,  and  a  ring 
separates  the  region  from  the  leaves  below,  growth   may  be 
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almost  nil.  The  first  series  of  Philadelphus  in  Table  4 
had  only  a  few  leaves  above  the  ring  or  only  a  short  distance 
defohated,  while  the  second  and  third  series  had  more 
leaves  above  the  ring  or  a  longer  distance  defohated.  In 
fact,  in  Series  2  and  3  the  rings  were  made  on  the  older 
wood  just  below  the  base  of  the  new  shoots.  Figure  3 
shows  the  appearance  of  a  representative  set  from  Series  2. 


Fig.  3. — Effects  of  ringing  on  leafy  and  defoliated  shoots  of  Philaddphus. 
1,  leafy  not  ringed;  2,  leafy  ringed;  3,  defoliated  not  ringed;  4,  defoliated  ringed. 
A  black  thread  tied  on  each  shoot  at  x  indicates  the  position  of  the  bud  apex  at 
the  time  of  ringing. 

It  would  seem  that  materials  necessary  for  growth  are 
carried  upward  through  the  phloem  tissues,  that  they 
cannot  be  carried  through  the  xylem,  but  that  if  the  leaves 
are  present  above  the  ring,  they  contain  or  can  produce 
materials  that  allow  for  considerable  growth.  Since  leaves 
can  produce  this  material,  the  evidence  seems  rather 
strong  that  the  check  in  growth  of  the  ringed  defoliated 
shoot  is  due  to  lack  of  carbohydrate.  The  check  in  growth, 
it  seems,  cannot  be  due  to  lack  of  water  resulting  from 
injury  to  the  xylem  for,  when  leaves  are  left  above  the 
ring,  growth  is  more  nearly  normal  or  may  even  exceed 
that  of  the  check  for  a  short  time.  Occasionally,  however, 
ringing  is  followed  by  withering  of  the  parts  above  the 
ring,  especially  if  the  ring  is  near  the  tip,  but  this  occurs 
only  when  this  part  is  defoliated. 
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After  many  of  these  ringing  experiments  had  been  com- 
pleted it  was  found  that  Hanstein  (1860)  had  carried  out 
similar  experiments  and  had  obtained  similar  results.  He 
concluded,  however,  that  lack  of  water  cannot  be  the 
cause  of  the  withering,  for  when  leaves  remain  above 
the  ring,  certainly  more  water  is  necessary  than  when  the 
leaves  are  absent  but  growth  continues,  while  the  shorter 
the  part  above  the  ring  the  less  water  it  will  need  but  the 
quicker  is  its  death  even  in  a  moist  chamber. 

Hanstein  explained  this  lack  of  growth  or  death  above  a 
ring  when  the  leaves  are  removed  as  due  to  a  lack  of 
"freshly  assimilated  sap."  He  seems  to  have  accepted 
Hartig's  idea  (1858)  that  carbohydrates  and  other  products 
stored  in  the  xylem  are  carried  through  the  xylem  but 
thought  that  materials  stored  in  the  phloem  and  ''freshly 
assimilated  sap"  move  in  the  phloem  only.  When  leaves 
remain  above  a  ring,  they  were  supposed  to  supply  this 
special  material.  Hanstein  also  observed  that  ringed  wil- 
low cuttings  placed  in  dry  air  showed  a  withering  of  the 
phloem  above  the  ring,  while  the  presence  of  leaves  in  this 
region  prevented  withering.  He  concluded  that  water 
cannot  move  readily  from  xylem  to  phloem  and  that  leaves 
aid  in  this  transfer.  According  to  his  ideas,  therefore, 
the  leaves  supply  ''freshly  assimilated  sap"  which  is 
necessary  for  growth  and  can  be  carried  through  the 
phloem  only,  and  they  aid  also  in  transmitting  the  water 
to  the  phloem  when  the  latter  is  separated  from  the  roots 
by  a  ring.  Hartig  (1862)  disagreed  with  Hanstein's  inter- 
pretation and  suggested  that  the  failure  of  defoliated  shoots 
to  grow  in  a  dry  atmosphere  was  due  to  drying  out  of  the 
wood  at  the  point  of  injury,  and  their  failure  to  grow  in  a 
saturated  atmosphere  was  due  to  failure  of  the  water  stream 
to  move. 

If,  on  the  other  hand,  all  solutes  including  sugars  are 
carried  through  the  phloem  chiefly  and  not  through  the 
xylem,  ringing  would  check  continued  growth  by  with- 
holding the  necessary  solutes,  while  the  withering  might 
be  due  not  to  the  lack  of  any  particular  solute,  but  to  a 
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deficiency  of  osmotically  active  substances.  Chandler 
(1914)  has  clearly  demonstrated  that  if  tissues  having 
different  osmotic  concentrations  are  organically  connected, 
the  tissue  having  the  higher  concentration  will  withdraw 
water  from  the  other  when  water  becomes  deficient,  causing 
the  latter  to  wither. 

To  test  the  effects  of  the  treatments  upon  the  osmotic 
concentrations  of  the  shoots,  the  freezing-point  depressions 
of  the  saps  of  a  few  shoots  were  determined.  Instead  of 
extracting  the  sap,  the  shoots  were  crushed  and  the  freezing 
point  of  the  pulpy  mass  was  determined  in  each  case. 
Fresh  weights,  dry  weights,  and  sugars  soluble  in  80  per  cent 
alcohol  were  also  determined.  For  these  determinations 
all  the  older  leaves  were  removed  and  the  stems  with 
terminal  buds  only  were  tested. 

Table  5. — Effect  of  Ringing  and  Removal  of  Leaves  on  Growth, 
Osmotic  Concentration  and  Sugar  Content  of  the  Shoot 


Gain  in 

length 

in  5 

days, 
mm. 

Freezing- 
point 
depression, 
°C. 

Mg. 
hexose 

sugar 
per    g. 

fresh 
wt. 

Mg. 
hexose 
sugar 
per  g. 

dry 

wt. 

Percentage  of 

depression 
due  to  sugar 
assuming  all 
to  be  hexose 

Not   ringed,   leaves 
present 

Ringed,  leaves  pres- 
ent   

173 
130 

88 
16 

0.67 
0.61 
0.61 
0.49 

7.81 

4.5 
2.6 

114.9 

67.6 
52.2 

12.9 

Not  ringed,   leaves 
removed       

8.2 

Ringed,    leaves    re- 
moved   

5.8 

These  data,  summarized  in  Table  5,  show  that  the 
osmotic  concentration  of  the  ringed  defoliated  shoots  is 
distinctly  less  than  that  of  the  other  shoots.  It  seems 
highly  probable,  therefore,  that  when  wilting  took  place, 
it  was  due,  not  to  a  direct  effect  of  the  ring  on  water  move- 
ment through  the  xylem,  but  to  an  effect  on  solute  dis- 
tribution, and  this  in  turn  on  the  ability  of  the  tissue  to 
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compete  osmotically  for  water.  Wee  vers  (1923)  more 
recently  observed  similar  wilting  of  ringed  branches 
bearing  leaves  which  lacked  chlorophyll  and  gives  similar 
explanations  for  the  wilting. 

The  fresh  weights,  dry  weights,  and  sugar  contents  of 
these  ringed  defoliated  shoots  were  also  lower  than  those 
of  the  other  shoots.  It  is  interesting  to  note  that  calcula- 
tions of  the  molecular  concentrations  of  sugar,  assuming 
it  all  to  be  present  as  hexose,  show  that  in  each  treatment 
only  a  small  part  of  the  freezing-point  depression  is  due  to 
sugar,  the  ringed  defoliated  shoots  showing  the  least. 

The  failure  of  solutes  to  move  past  the  rings  in  the 
defoliated  shoots  might  be  ascribed  to  the  failure  of  a 
transpiration  stream  to  carry  them,  since  no  leaves  were 
present  to  cause  such  a  stream.  Of  course,  the  conditions, 
so  far  as  transpiration  was  concerned,  must  have  been 
similar  in  the  defoliated  shoots  that  were  not  ringed  and 
in  which  solutes  did  move ;  yet  it  seemed  desirable  to  deter- 
mine whether  or  not  a  movement  of  water  through  the 
xylem  would  favor  the  movement  of  sugar.  To  this  end  a 
large  number  of  twigs  of  Ligustrum  ovalifolium  were 
ringed  as  in  Fig.  1,  Nos.  1  and  2,  with  the  exception  that 
an  additional  ring  was  made  below  the  lower  group  of 
leaves  on  each  twig  as  at  R' .  The  leaves  at  the  apex  of 
each  shoot  would  insure  a  transpiration  stream  through 
the  xylem,  while  the  leaves  at  the  base,  with  the  ring 
below  them,  would  insure  a  carbohydrate  supply  to  the 
xylem.  Starting  with  shoots  lacking  stored  starch  in  the 
xylem,  it  was  found  that  the  cortex,  medullary  rays,  wood 
parenchyma,  and  pith  became  densely  filled  with  starch 
in  the  defoliated  region  of  those  twigs  treated  as  in  No.  1, 
in  which  the  phloem  connection  with  the  leaves  was  intact ; 
but  the  same  tissues  were  completely  lacking  in  starch  in 
those  treated  as  in  twig  2,  in  which  the  defoliated  region 
was  isolated  by  rings  from  the  leaves  both  above  and 
below.  In  both  treatments  starch  was  abundant  in  the 
leafy  parts  of  the  stem.  In  those  treated  as  in  No.  2  the 
xylem  was  richly  stored  with  starch  immediately  below 
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the  ring,  but,  even  though  water  was  moving  through  the 
xylem  to  the  leaves  above,  there  was  insufficient  sugar 
carried  through  this  tissue  to  cause  any  starch  deposition 
in  the  defoliated  part,  whereas  when  the  phloem  connection 
to  the  leaves  below  was  not  interrupted  by  a  ring,  this 
region  was  densely  filled  with  starch. 

Similar  results  were  obtained  in  the  experiment  cited  on 
page  50.  In  this  instance,  however,  the  ring  at  the  base,  R', 
was  omitted.  In  this  series  (Curtis,  1923,  p.  376)  not  only 
were  starch  tests  made  with  iodine,  but  the  dry  weights  and 
volumes  of  the  xylem  were  determined.  These  data,  as 
shown  in  Table  3,  are  in  complete  agreement  with  the 
starch  tests  and  show  that  the  average  dry  weights  of  the 
xylem  of  the  defoliated  regions  in  treatments  1  and  3 
are  greater  than  those  of  treatment  2  by  29.4  and  77.6  per 
cent,  respectively,  and  the  dry  weights  per  unit  volume  were 
10.5  and  24.0  per  cent  greater. 

Experiments  almost  exactly  like  these  have  subsequently 
been  carried  out  by  Mason  and  Maskell  (19286,  p.  582). 
Their  experimental  material  was  the  cotton  plant,  and 
though  in  these  experiments  they  do  not  give  data  on  dry 
weights  or  weight  per  unit  volume,  they  do  give  data  on 
the  sugar  concentration  of  the  sap  of  the  bark  and  the 
total  carbohydrate  contents  of  the  bark  and  wood  in  the 
defoliated  region.  These  are  of  additional  interest  because 
increases  or  decreases  in  carbohydrate  contents  are  given 
over  12-hr.  periods.  Curves  showing  such  data  are  given 
in  Fig.  4. 

The  evidence  is  clear  therefore  that,  even  when  a  move- 
ment of  water  through  the  isolated  region  is  insured, 
carbohydrates  are  not  carried  into,  and  stored  in,  such  a 
region.  Evidence  cited  in  Sec.  5  also  shows  that  if  such  a 
region,  isolated  by  double  rings,  is  full  of  starch  to  begin 
with,  it  is  not  emptied  through  the  xylem,  even  when  there 
is  active  movement  of  a  water  stream  through  this  region. 

The  responses  to  ringing  and  double-ringing  that  have 
been  found  to  vary  with  the  season  of  ringing  are  easily 
explainable  when  one  takes  into  consideration  the  amounts 
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of  materials  stored  at  the  time  of  ringing  and  the  effect 
of  the  rings  in  isolating  the  particular  region  in  question 
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Fig.  4. — Effects  of  position  of  leaves  and  rings  on  the  distribution  of  carbohydrate 

in  the  bark  and  stem  of  the  cotton  plant.      (From  Mason  and  Maskell.) 

Numbers  refer  to  numbers  in  Fig.  1. 

(a)   Total  carbohydrate  in  defoliated  regions 

"Normal:  leaves  at  apex"  similar  to  No.  3,  but  leaves  below  ring  removed. 
"Normal:  leaves  at  base"  similar  to  No.  1,  but  leaves  removed  above  upper  ring. 
"Ringed:  leaves  at  apex"  similar  to  No.  2,  but  leaves  below  lower  ring  removed. 
"Ringed:  leaves  at  base"  similar  to  No.  2,  but  leaves  above  upper  ring  removed. 
(6)    Concentration  of  total  sugars  in  sap  of  bark 

"Leaves  at  apex:  high  region."     The  part  analyzed  was  equivalent  to  the  leafy  part 

immediately  above  the  defoliated  region  in  No.  3. 
"Leaves  at  apex:  middle  region."      The  part  analyzed  was  equivalent  to  that  of  the 

defoliated  region  in  No.  3. 
"Leaves  at  base:  middle  region."     The  part  analyzed  was  equivalent  to  the  defoliated 

region  in  No.  1,  but  leaves  above  upper  ring  were  removed. 
"Leaves  at  base:  lower  region."      The  part  analyzed  was  equivalent  to  the  leafy  part 

immediately  below  the  defoliated  region  of  No.  1,  but  leaves  above  upper  ring  were 

removed. 

from  sources  of  supply  or  regions  of  utilization.     Swarbrick 
(1927)    seems   to   have   been   troubled   by   these   varying 
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responses  and  looks  to  factors  other  than  those  mentioned 
above  for  an  explanation,  but  it  should  be  perfectly  obvious 
that  the  distribution  of  foods  will  vary  with  the  season  of 
ringing  and  the  position  of  the  ring  with  respect  to  regions 
of  supply  or  utilization. 

Further  evidence,  that  the  failure  of  solutes  to  move  up 
past  a  ring  is  not  due  to  lack  of  transpiration  above,  has 
been  given  by  Weevers  (1923).  By  selecting  branches  of 
Acer  negundo  or  Aesculus,  which  bore  leaves  containing  no 
chlorophyll  and  which  were  therefore  dependent  on  other 
parts  of  the  tree  for  their  carbohydrates,  he  could  study  the 
effects  of  ringing  without  resorting  to  defoliation.  He 
found  that  the  ringing  of  such  branches  stopped  their 
growth  and  the  leaves  eventually  withered,  whereas  the 
ringing  of  similar  branches  bearing  green  leaves  did  not 
stop  their  growth  nor  cause  withering.  Analyses  for 
reducing  sugar  showed  the  green  leaves  to  contain  3  per 
cent,  the  yellow  leaves  1  per  cent,  and  the  yellow  leaves  on 
the  ringed  branch  only  traces.  The  wood  and  bark  of  the 
ringed  branch  bearing  yellow  leaves  contained  6  per  cent 
starch,  while  that  of  a  similar  branch  only  partly  ringed 
contained  9  per  cent  starch.  It  is  surprising,  as  Weevers 
remarks,  that  the  ringed  yellow  branch  contained  so  much 
starch  while  the  leaves  of  the  same  branch  were  withering 
and  contained  only  traces  of  sugar.  No  mention  is  made 
as  to  the  method  of  determining  starch  or  whether  any 
starch  was  found  by  the  iodine  test,  except  in  the  leaves 
which  showed  no  such  test.  If  acid  hydrolysis  was  used  to 
make  the  starch  determination,  it  is  highly  probable 
that  the  reducing  sugars  found  were  not  produced  from 
starch  but  from  the  acid  hydrolysis  of  hemicelluloses. 
As  reported  in  1920,  I  found  woody  stems  containing  but 
very  slight  traces  of  starch,  as  indicated  by  the  iodine  test, 
to  produce  reducing  sugars  amounting  to  17  per  cent  of  the 
dry  weight  of  the  wood  on  hydrolysis  by  boiling  with 
10  per  cent  hydrochloric  acid  for  2}^  hr. 

8.  The  Effect  of  Ringing  on  Transport  to  Fruits. — 
Although   the   opinion   has   been   widely   held   that   most 
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upward  moving,  organic  solutes,  and  particularly  sugars, 
are  carried  with  the  water  in  the  xylem,  it  has  also  been 
recognized  that  such  movement  to  fruits  may  take  place 
through  the  phloem.  Hanstein  (1860)  observed  that  if 
phloem  connections  between  fruits  and  the  supplying  leaves 
are  cut,  fruit  growth  ceases.  Strasburger  (1891)  made 
similar  observations  but  (p.  900)  claimed  the  Umbelliferae 
to  be  an  exception.  Curtis  (1920a)  demonstrated  that 
apple  fruits  ceased  growth  when  the  phloem  connection 
between  the  fruit  and  the  leaves  was  severed,  whereas  if 
there  were  leaves  above  the  ring  and  these  were  either 
below  or  above  the  fruit,  there  was  appreciable  growth. 
Miinch  (1930,  pp.  183-208)  reported  more  extensive 
experiments  than  others  on  this  phase  of  translocation. 
He  worked  with  apples,  Quercus  pedunculata,  Castanea 
vesca,  Aesculus  pavia,  Sorbus  aucuparia,  Samhucus  racemosa 
and  nigra,  and  Heracleum  sphondilium.  In  all  cases  he 
found,  as  had  previous  workers,  that  fruits  whose  phloem 
connections  with  leaves  were  completely  severed  failed  to 
continue  growth,  whereas  similar  fruits  connected  by 
phloem  tissues  with  leaves  either  above  or  below  the  fruit 
would  continue  growth. 

It  is  obvious  to  anyone  who  has  observed  the  effects  of 
ringing  on  fruit  development  that  the  size  of  the  fruits 
that  develop  on  ringed  branches  as  compared  with  control 
fruits,  depends  upon  whether  the  rings  are  so  placed  as  to 
increase  or  decrease  the  total  available  supply  of  food 
from  the  leaves.  That  is,  if  the  ring  is  so  placed  that  there 
are  many  leaves  on  the  same  side  of  the  ring  as  the  fruit, 
the  latter  will  be  large.  If,  on  the  other  hand,  the  ring 
isolates  the  fruit  so  that  it  is  in  phloem  connection  with 
but  few  leaves,  its  growth  will  be  shght.  The  behavior 
of  the  fruit  in  this  respect  is  very  similar  to  that  of  the 
cambium  and  diameter  growth  as  observed  by  Knight  as 
early  as  1801,  and  by  Hales,  in  1727. 

Miinch  also  reports  experiments  on  the  upward  tranfer 
of  foods  to  fruits  situated  on  defoliated  branches.  He 
found  httle  or  no  reduction  in  growth  of  such  fruits  of 
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Sorbus,  even  when  they  were  on  defohated  branches  at 
distances  of  from  one  to  three  meters  from  the  nearest 
leaves,  if  the  phloem  connections  between  fruits  and  leaves 
were  intact.  Haller  (1931)  reports  similar  observations 
with  apples.  In  experiments,  in  1931,  Dr.  MacDaniels 
and  I  found  that,  though  fruits  on  defoliated  branches 
appeared  to  grow  as  well  as  those  on  leafy  branches,  the 
dry  weight  expressed  as  percentage  of  fresh  weight  was 
distinctly  less,  and  the  fruits  were  less  sweet. 

Miinch  also  reports  a  few  results  of  interesting  experi- 
ments on  the  development  of  fruits  when  the  fruits  alone 
or  the  fruits  and  leaves  are  kept  in  darkness.  Such 
experiments  were  carried  out  with  Sorhus  and  Samhucus 
with  the  parts  in  darkness,  in  some  cases  completely  isolated 
from  leaves  exposed  to  light  by  rings  through  the  phloem, 
in  others  the  rings  were  so  placed  that  the  supply  from 
leaves  must  come  through  the  phloem  from  below,  while 
in  others  the  phloem  connection  was  with  leaves  above. 
The  completely  isolated  parts  in  darkness  failed  to  grow 
and  lost  both  leaves  and  fruits.  Those  connected  by 
phloem  to  leaves  below  grew  normally  or  even  better  than 
the  checks  or  similar  fruits  in  light,  while,  in  the  single 
experiment  reported,  those  fruits  in  darkness  but  receiving 
food  from  above  fell  off.  Those  above  the  ring  and  in  the 
light  made  but  little  gain  in  dry  weight.  No  mention  is 
made  as  to  the  number  of  leaves  above  the  upper  ring  so 
one  cannot  judge  whether  the  poor  growth  of  those  fruits 
in  this  region  exposed  to  light,  and  the  lack  of  growth  of 
similar  fruits  in  darkness,  as  compared  with  the  good 
growth  of  fruits  in  the  dark  below  the  lower  ring  (see  his 
Fig.  29,  p.  197),  is  or  is  not  influenced  by  the  total  available 
carbohydrate.  The  lessened  nitrogen  supply  to  the  fruits 
above  the  rings  may  also  be  a  factor  in  the  differences  in 
behavior.  The  data,  however,  are  inadequate  for  drawing 
comparisons  between  growth  of  fruits  in  darkness  receiving 
food  from  below  as  compared  with  those  receiving  food 
from  above. 

He  also  reinvestigated  the  question  of  movement  of  foods 
to  developing  fruits  of  umbellifers  (pp.  200-204).     Stras- 
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burger  (1891,  p.  900)  claimed  that  food  moved  to  these 
fruits  through  the  xylem.  Miinch  found,  however,  that 
if  precautions  were  taken  to  cut  all  the  phloem  leading  to 
the  fruits,  they  were  unable  to  receive  food  from  the  leaves 
below.  Since  the  young  fruits  are  green,  he  also  tested  the 
influence  of  light  and  darkness  on  the  development  of  such 
fruits  on  ringed  stems.  The  results  indicated  clearly  that 
most  of  the  food  comes  to  the  fruits  from  other  parts  of  the 
plant  and  that  this  is  transported  through  the  phloem. 

9.  The  Effect  of  Cutting  the  Xylem  on  the  Transport  of 
Solutes. — Dixon  (1922)  and  others  have  claimed  that  the 
reason  why  ringing  interferes  with  solute  movement  is 
that  the  ringing  results  in  a  plugging  of  the  xylem  by 
tyloses  or  gums  or  otherwise  interferes  with  its  activity. 
Though  positive  evidence  has  been  obtained  that  such 
plugging  does  not  always  occur,  and  in  fact  rarely  occurs 
if  the  ring  is  made  carefully  and  the  ring  wound  well 
protected,  yet  to  settle  the  question  finally  it  would  be 
desirable  to  carry  out  experiments  in  which  not  merely  the 
phloem  is  cut  and  the  xylem  left  intact,  but  in  which 
the  treatment  is  reversed  and  the  phloem  is  left  intact  and 
the  xylem  cut.  It  is  more  difficult  to  carry  out  the  latter 
type  of  experiment  for  obvious  reasons.  The  xylem  being  on 
the  inside  of  a  hollow  cylinder  cannot  be  cut  out  without 
some  injury  to  the  phloem  outside.  Its  removal  also 
involves  the  removal  of  a  tissue  conducting  water  to  the 
parts  above,  which  is  perhaps  the  greatest  difficulty,  and 
it  also  removes  the  support  for  the  parts  above. 

As  previously  reported  in  some  detail  (Curtis,  1925), 
various  methods  were  used  for  supplying  the  upper  part 
of  the  shoot  with  water  when  the  xylem  was  cut  and  the 
phloem  was  left  to  bridge  the  gap.  The  only  uniformly 
successful  method  was  that  in  which  the  operated  part  of 
the  stem  was  encased  in  a  tube  open  at  both  ends.  A 
water-tight  joint  was  made  with  the  stem  at  the  lower  end 
of  the  tube  by  means  of  a  split  cork  sealed  to  the  stem  and 
to  the  tube  with  melted  paraffin.  This  tube,  when  filled 
with  water,  served  to  supply  the  shoot  above  with  water 
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as  well  as  to  keep  the  phloem  thoroughly  wet.  The 
method  of  setting  up  such  an  experiment  is  indicated  in 
Fig.  5.     After  first  sealing  the  split  cork  to  the  stem  with 


warm  paraffin,  it  is  a  simple  matter  to  seal  the  tube  to  the 
cork  if  the  tube  is  dipped  into  hot  paraffin  to  a  depth  of 
about  2  cm.  and  then  quickly  slipped  over  the  shoot  and 
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Table  6. — Comparative  Effects  on  the  Growth  of  Defoliated  Shoots 
OF   Cutting   Phloem   Alone,    Xylem   Alone,    and    Both   Phloem 

AND  Xylem 


Plant  and  date 


Philadelphus 

June  4  to  9,  1925 


Philadelphus 

June  9  to  11,  1925 


Philadelphus 

June  10  to  12,  1925 


Ligustrum 

June  20  to  25,  1925 


Rhus 

Aug.  19  to  27, 1924 


Rhus 

June  23  to  27,  1925 


Rhus 

June  30  to  July  6, 
1925 


Treatment 


Check 

Phloem  cut 

Xylem  cut 

Phloem  and  xylem  cut 

Check 

Phloem  cut 

Xylem  cut 

Phloem  and  xylem  cut 

Check 

Phloem  cut 

Xylem  cut 

Phloem  and  xylem  cut 

Check 

Phloem  cut 

Xylem  cut 

Check* 

Phloem  cut 

Xylem  cut 

Phloem  and  xylem  cut 

Check 

Phloem  cut - .  . 

Xylem  cut 

Check 

Phloem  cut 

Xylem  cut 


No. 
stems 


10 


10 


18 


Av.  growth,  mm. 


1st 
period 


1  day 
4.9 
2.7 
3.3 
4.4 

1  day 

12.9 

4.6 

9.0 

5.6 

1  day 
3.4 
2.0 

4.8 
2.6 

2  days 
6.7 
1.6 
3.3 

1  day 
3.0 
1.8 
4.2 
3.8 

1  day 
3.4 
1.0 
4.3 

1  day 
2.2 
1.3 
2.2 


2d 
period 


2  days 
14.0 

1.2 
6.0 
2.6 

1  day 
8.3 
1.2 
5.6 
1.4 

1  day 
9.9 
3.0 
9.9 
2.2 

3  days 
9.3 
0.5 
3.0 

1  day 
2.8 
0.8 
6.0 
4.7 

1  day 
6.8 
1.8 
4.9 

1  day 
5.4 
1.3 
5.5 


3d  period 


2  days 

26.0 

2.6 

6.8 
1.4 

1  day 

10.0 

1.1 

5.9 

1.7 


1  day  5  days 
6.0       39.0 
1.3       20.6 
6.5        58.0 
4.7        19.8 

2  days 

11.4 

1.6 

9.3 

3  days  1  day 

47.1  7.6 

8.2  2.5 

29 . 3  5.1 


Total 
period 


5  days 

45.9 

6.5 

16.1 

8.5 

3  days 

30.2 

6.9 

20.3 

8.7 

2  days 

13.3 

5.0 

14.7 

4.8 

5  days 
16.0 

2.1 
6.3 

8  days 
50.8 
24.5 
74.7 
33.0 

4  days 

21.7 

4.3 

18.5 

6  days 
62.3 
13.3 
42.1 


*  The  checks  in  this  series  were  undersized. 
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pressed  onto  the  cork.  Data  from  several  sets  of  experi- 
ments are  available  in  the  earlier  paper  (1925).  Similar 
data  from  experiments  not  previously  reported  are  pre- 
sented in  Table  6. 

Such  data  have  been  obtained  with  many  kinds  of  woody 
plants  and  several  hundred  sets  of  shoots,  in  which  the 
effects  of  cutting  the  xylem  and  of  cutting  the  phloem 
and  cutting  neither  have  been  compared.     The  data  have 


Fig.  6. — Photograph  of  typical  set  of  shoots  of  Rhus,  showing  relative  amounts 
of  growth  about  6  days  after  beginning  of  the  experiment.  1,  check;  2,  phloem 
cut;  3,  xylem  cut. 

uniformly  shown  that  growth  is  markedly  checked  when  the 
phloem  is  cut,  whereas,  when  the  xylem  is  cut  and  part  of 
the  phloem  is  left  intact,  growth  is  very  much  greater  and 
approaches  more  nearly  that  of  the  check  shoots.  A 
photograph  of  a  representative  set  of  Rhus  shoots  is  shown 
in  Fig.  6. 

To  ehminate  the  possibility  of  transfer  of  solutes  through 
the  water  and  across  the  gap  between  the  cut  ends  of  the 
xylem,  several  experiments  were  set  up  in  which  the  ends 
from  which  the  solutes  might  be  expected  to  issue  were 
sealed  with  hot  paraffin,  but  this  had  no  influence  on  the 
growth  of  the  shoots  above.     In  other  instances  the  tubes 
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were  rinsed  out  frequently  with  distilled  water,  but  this 
also  had  no  measurable  effects.  In  still  other  instances 
the  xylem  was  cut  and  the  phloem  left  in  place  but  cut  and 
held  in  its  normal  position  by  a  splinter  of  wood.  These, 
as  shown  in  Table  6,  usually  showed  practically  the  same 
behavior  as  the  ringed  ones.  Occasionally,  however,  they 
elongated  somewhat  more  during  the  first  day.  This 
latter  was  probably  due  to  the  fact  that  completely  severed 
shoots  no  longer  had  to  compete  with  the  tissues  below  for 
their  water  supply.  The  ringed  shoots  were  handicapped 
in  their  competition  through  their  having  a  low  content  of 
osmotically  effective  solutes  (see  Sec.  7). 

In  a  few  sets  sugar  analyses  were  made,  typical  examples 
of  which  are  presented  in  Table  7. 

Table  7. — Comparative  Effects  of  Cutting  the  Xylem  or  Phloem 
ON  Growth,  Water  Content,  and  Sugar  Content  of  Defoliated 

Shoots 


Plant  and  Date 

Treatment 

Av. 

total 

growth, 

mm. 

Dry 

wt., 

%  of 

fresh 

growth 

Total 
sugar 

per 
stem, 

mg. 

Sugar, 

%, 

fresh 

wt. 

Sugar, 

%, 
dry 
wt. 

A.  Philadelphus 

June  13  to  19, 

Check 

63.6 

10.8 

3.08 

0.12 

1.12 

Phloem  cut. 

7.8 

9.0 

0.08 

0.03 

0.35 

6  stems 

Xylem  cut. 

49.2 

10.8 

5.32 

0.22 

2.03 

B.  Philadelphus 

June  25  to  July  1 , 

Check 

105.3 

13.0 

2.10 

0.094 

0.72 

7  stems 

Phloem  cut. 

19.7 

9.4 

1.63 

0.087 

0.93 

Xylem  cut. 

47.4 

11.8 

4.83 

0.231 

2.08 

C.    Rhus 

June26to  July  1, 

Check 

63.0 

22.3 

4.17 

0.33 

1,48 

6  stems 

Phloem  cut. 

15.8 

17.2 

3.05 

0.67 

3.89 

Xylem  cut. 

49.5 

20.5 

3.90 

0.42 

2.05 

For  the  Philadelphus  set,  ^,  it  is  obvious  that  sugar  was 
deficient  in  the  shoots  of  the  ringed  stems  and  that  this 
lack  of  sugar  probably  accounted  for  the  poor  growth. 
This  set  received  very  little  light  before  and  during  the 
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experiment  because  the  bushes  were  growing  close  to  the 
north  side  of  a  building,  the  overhanging  eaves  of  which 
shaded  the  experimental  shoots.  The  weather  also  previ- 
ous to  and  during  the  experiment  was  cloudy.  Under 
such  conditions  it  is  to  be  expected  that  the  carbohydrate 
supply  to  the  shoots  would  act  as  a  limiting  factor.  In 
set  B,  the  plants  were  growing  in  the  open  where  they  were 
well  illuminated,  and  the  day  before  commencing  the 
experiment  had  approximately  twice  the  sunshine.  There 
was  fair  precipitation  during  both  periods.  It  is  to  be 
noted  that,  although  the  total  sugar  per  stem  is  decreased 
by  ringing,  the  percentage  on  the  fresh  weight  basis  nearly 
equalled  the  check  while  on  the  dry  weight  basis  it  exceeded 
it.  For  the  Hhus  material,  although  the  ringed  stems 
showed  less  total  sugar  than  the  check  stems  or  those  with 
xylem  cut,  as  did  the  Philadelphus  shoots,  they  had  a 
distinctly  higher  sugar  content  when  expressed  as  per- 
centage either  on  the  fresh-weight  or  dry-weight  basis. 
Obviously,  therefore,  sugar  was  not  a  limiting  factor  and 
it  seems  probable  that  nitrogen  or  some  other  soil  con- 
stituent was  lacking.  These  plants  also  were  grown  in  the 
open  and  had  received  abundant  light. 

Since  it  seemed  possible  that  part  at  least  of  the  trans- 
location in  these  shoots  with  the  xylem  removed  may  have 
taken  place  through  the  cambium  layer  or  through  the 
young  cells  recently  cut  off  from  the  cambium  and  not 
yet  differentiated,  one  experiment  was  carried  out  in  which, 
after  severing  the  xylem,  the  cambial  layer  of  the  bark  was 
thoroughly  scraped  with  a  knife.  For  comparison  the 
phloem  was  cut  in  matched  stems.  In  these  the  cambium 
was  not  scraped.  The  data  from  such  an  experiment  are 
presented  in  Table  8. 

It  is  evident  from  this  experiment  that  the  cambium  is 
not  essential  for  translocation,  nor  is  a  continuity  of  the 
cambium  essential  for  growth  as  suggested  by  Swarbrick 
(1928).  At  the  end  of  the  first  two-day  period  the  stems 
with  xylem  cut  had,  in  all  but  shoots  6  and  7,  lowered  the 
water  in  the  encasing  tubes  to  a  point  below  the  cut  end 
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of  the  xylem.  Although  some  of  the  shoots  were  sHghtly 
wilted,  there  seemed  to  be  no  permanent  ill  effects.  It  is 
to  be  regretted  that  only  stems  having  a  latex  system  were 
tested  by  scraping  the  cambium,  for  it  is  possible  that  the 
latex  system  plays  some  role  in  transport.  Hanstein 
(1864),  Schimper  (1885),  Kniep  (1905),  and  Simon  (1917) 
give  fairly  strong  evidence,  however,  that  the  latex  system 
is  not  effective  in  food  transport.     In  all  the  other  experi- 

Table  8. — Influence  of  Scraping  the  Cambium  upon  Transport  When 

THE  Xylem  Is  Removed 

Measurements  in  millimeters  of  increased  growth.     Rhus.  P  =  phloem  cut, 

cambium  not  scraped.     A'  =  xylem  cut,  cambium  surface  thoroughly 

scraped 


July  17  to  19, 

July  19  to  20, 

July  20  to  23, 

Total 

No. 

2  days 

1  day 

3  days 

6  days 

P 

X 

P 

X 

P 

X 

P 

X 

1 

1 

6 

0 

11 

1 

28 

2 

45 

2 

2 

3 

12 

6 

47 

9 

62 

3 

1 

2 

4 

8 

15 

10 

21 

4 

5 

12 

1 

36 

3 

43 

5 

6 

9 

0 

24 

2 

39 

6 

3 

10 

2 

29 

4 

32 

7 

3 

10 

3 

27 

5 

40 

8 

5 

4 

8 

19* 

33 

24* 

46 

9 

6 

5 

0 

17 

7 

38 

13 

50 

Av. 

1.7 

4.2 

1.1 

10.3 

3.5 

30.8 

6.0 

42.0 

*  Possibly  misread.     Omitted  in  averages. 

ments  the  behavior  of  Rhus  was  not  different  from  that  of 
several  other  plants  having  no  latex  system,  so  it  is  likely 
that  the  undifferentiated  cambium  is  ineffective  in  rapid 
transport  for  appreciable  distances.  That  the  cambium  or 
similar  meristematic  cells  may  take  some  part  in  trans- 
location over  short  distances,  however,  seems  not  impos- 
sible. Active  streaming  which  should  favor  transport  in 
such  cells  has  been  observed  by  Velten  (1872)  and  Bailey 
(1930).  The  only  certain  way  of  determining  whether  the 
cambium  and  immature  cells  developing  from  it  are  effec- 
tive would  be  to  cut  all  the  mature  phloem. 
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It  would  seem  that  these  data  offer  convincing  proof  in 
favor  of  the  hypothesis  aheady  strongly  suggested  by 
ringing  experiments  that  upward  as  well  as  downward 
transfer  of  solutes  takes  place  chiefly  through  the  phloem 
tissues.  It  certainly  eliminates  the  criticism  that  ringing 
stops  solute  movement  because  it  causes  a  plugging  of  the 
xylem,  for  when  cut  no  xylem  remains  and  yet  translocation 
takes  place,  whereas  when  the  phloem  is  cut,  little  or  no 
translocation  takes  place,  even  when  it  is  demonstrated 
that  the  remaining  xylem  is  not  plugged.  It  also  eliminates 
the  criticism  that  the  phloem  seems  inadequate  as  a  chan- 
nel, for,  although  calculations  of  rates  of  food  movement 
seem  to  demonstrate  its  inadequacy,  these  experiments 
definitely  prove  that  the  phloem  has  carried  the  foods  and 
salts  and  was  therefore  adequate  in  these  cases.  A  com- 
parison of  the  merits  and  weaknesses  of  the  various  methods 
used  in  determining  the  tissues  concerned  in  translocation 
is  discussed  in  Chap.  IV. 

Mason  and  Maskell  (1928a,  p.  242)  suggest  that  the 
poor  shoot  growth  of  the  ringed  shoots  may  have  been  due 
to  a  blocking  of  the  tracheae  and  that  the  better  growth 
of  those  with  the  xylem  cut  may  have  resulted  from  develop- 
ment of  new  wood  elements.  They  seem  to  have  over- 
looked the  positive  evidence  supplied  in  the  original  paper 
that  the  vessels  were  not  plugged  in  the  ringed  stems  and 
that  new  vessels  had  not  developed  in  those  with  the  xylem 
cut.  They  also  remarked  on  the  lack  of  significant  differ- 
ences between  the  two  treatments  in  the  dry  weights  of  the 
shoots  of  Philadelphus  but  note  the  difference  in  Rhus. 
They  must  have  overlooked  the  statement  preceding  the 
table  on  page  580  of  the  original  article  which  definitely 
explains  that  in  the  Philadelphus  material,  the  newly 
developed  leaves  and  the  basal  parts  of  all  the  shoots 
except  the  ringed  ones  were  removed,  so  that  pieces  of 
approximately  equal  length  and  weight  and  having  the 
same  proportion  of  young  leaves  were  selected  for  analysis. 
If  all  the  newly  developed  tissues  had  been  included,  the 
check  stems  and  those  with  the  xylem  cut  would  have  had 
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a  higher  proportion  of  leaves  and  older  stems  and  the  data 
would  have  shown  very  much  higher  dry  weights  for  the 
check  shoots  and  those  with  the  xylem  cut. 

Others  have  suggested  that  measurements  of  elongation 
as  used  in  these  experiments  and  in  those  reported  earlier 
(1920a),   are  not  safe  measures   of  solute  movement  or 
growth,  for  the  elongation,  it  is  said,  may  have  been  due 
largely  to  water  absorption.     Those  making  such   criti- 
cisms, however,  have  evidently  overlooked  the  fact  that 
in  the  original  pubhcations  (1920a,  1925)  dry  weights  and 
sugar  contents  were  included  with  the  length  measurements 
in  several  of  the  tables.     Though  these  data  were  pre- 
sented, no  great  emphasis  was  placed  upon  the  dry  weights 
in  the  discussion  because  the  data  showed  such  close  agree- 
ment between  measurements  of  elongation  and  those  of 
dry  weight,  and  the  differences  between  the  ringed  and  the 
others  were  so  great  that  it  was  assumed  the  relationship 
was  obvious  to  anyone  sufficiently  interested  to  question 
the  interpretation.     Emphasis  was,  however,  placed  upon 
the  fact  that  the  dry  weights,  expressed  as  percentages  of 
fresh  weights,  of  the  ringed  shoots  were  always  lower  than 
those  in  the  checks  or  in  the  shoots  with  the  xylem  cut. 
It  seemed  hardly  necessary  to  point  out,  what  should  be 
an  obvious  fact  that,  if  the  lengths  and  fresh  weights  of 
the  ringed  shoots  were  from  one-half  to  one-tenth  or  less 
of  those  of  the  others  and  they  also  had  a  lower  percentage 
dry  weight,  the  actual  dry  weights  themselves  also  must 
have  been  lower.     Therefore  the  greater  shoot  elongation 
of  the  stems  with  the  xylem  cut  could  not  possibly  have 
been  due  to  mere  water  absorption  and  extension,  for  they 
had  a  dry  weight  content  often  in  excess  of  two  to  ten  times 
that  of  ringed  shoots. 

Schumacher  (1931)  by  first  cutting  the  phloem  and  then 
the  xylem  in  the  petioles  of  Pelargonium  leaves  has  recently 
demonstrated  a  removal  of  nitrogen  from  darkened  leaves 
when  the  xylem  alone  is  cut,  and  a  lack  of  removal  when 
the  phloem  is  cut. 
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SUMMARY 

4.  During  the  dormant  season  large  quantities  of  carbohydrate,  in  both 
sohible  and  insoluble  forms,  are  found  in  the  xylem  regions,  principally  in 
wood  rays  and  xylem  parenchyma,  of  branches,  trunks,  and  roots  of  woody 
plants.  In  early  spring  the  water-conducting  vessels  also  of  many  woody 
plants  have  been  found  to  contain  considerable  quantities  of  soluble  sugar. 
It  has  been  assumed  that  much  of  this  carbohydrate  that  is  stored  in  the 
xylem  is  carried  through  the  wood  to  the  developing  shoots,  where  it  is  used 
in  their  early  growth.  When  rings  are  made  just  prior  to  bud  break  at 
varying  distances  from  the  apical  buds,  the  closer  the  ring  is  to  the  apex,  the 
less  is  the  growth  of  these  buds  above  a  ring.  This  points  to  a  relation 
between  the  amount  of  food  stored  above  the  ring  and  the  amount  of 
growth.  Tests  for  starch  demonstrate  an  early  cessation  of  growth  to  be 
associated  with  an  early  depletion  of  starch  above  the  ring,  while  the  starch 
in  the  xylem  immediately  below  the  ring  may  still  be  abundant.  These 
findings  strongly  suggest  that,  when  the  ring  is  near  the  apex,  carbohydrate 
was  limiting  the  growth  above  the  ring  and  that  sugars,  even  when  stored 
in  the  xylem  region,  cannot  be  transported  upward  past  a  ring  in  appreciable 
quantities. 

5.  The  disappearance  of  starch  from  below  a  ring  made  on  the  trunk  of  a 
tree  has  been  interpreted  as  demonstrating  that  the  sugars  from  carbo- 
hydrate stored  below  must  move  up  through  the  xylem.  A  second  ring 
placed  below  the  first,  however,  prevents  removal  from  between  rings, 
indicating  that  the  carbohydrate  below  the  first  ring  had  not  moved  up 
through  the  wood  but  had  moved  down.  Two  rings  placed  a  short  distance 
apart  will  effectually  prevent  movement  of  carbohydrate  out  of  or  into  the 
region  so  isolated. 

6.  Since  the  disappearance  of  starch  is  not  always  associated  with  removal 
of  sugar,  it  has  been  suggested  that  many  of  the  experiments  do  not  demon- 
strate a  failure  of  transport  through  the  xylem,  because  starch  tests  were 
used  in  many  cases  as  a  criterion  of  the  presence  of  carbohydrate.  It  is 
true  that  a  lack  of  correlation  between  starch  and  carbohydrate  content 
has  been  found  to  occur  in  tissues  at  low  temperatures  close  to  0°C.,  or  high 
temperatures  around  35°C.,  in  tissues  that  are  severely  wilted,  or  at  unusual 
hydrogen  ion  concentrations;  but  in  the  experiments  on  translocation  the 
parts  tested  were  not  exposed  to  conditions  that  would  be  expected  to  bring 
about  such  discrepancies  between  starch  and  sugar  contents.  Furthermore, 
in  every  type  of  experiment  where  starch  disappearance  was  used  as  a 
criterion,  a  few  quantitative  sugar  tests  were  also  made,  and  there  was  a 
direct  relation  between  sugar  amounts  as  determined  by  analysis  and  the 
amounts  of  starch  as  determined  bj'  the  iodine  test.  This  relation  was 
further  established  through  determination  of  dry  weights,  a  high  dry  weight 
per  unit  volume  and  per  stem  being  associated  with  high  starch  content. 
Experiments  on  feeding  of  sugars  from  an  external  source  and  on  removal  by 
leaching  also  demonstrate  a  definite  relation  between  starch  content  and 
sugar  content. 

7.  Not  only  does  the  carbohydrate  that  is  stored  in  the  xylem  tissues  fail 
to  be  transported  upward  through  the  wood  when  the  phloem  is  ringed, 
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but  that  made  during  the  current  year  also  fails  to  be  transported  through 
the  wood.  This  was  demonstrated  by  experiments  in  which  the  continued 
growth  of  the  apex  of  ringed  defoliated  shoots  was  found  to  be  greatly 
reduced  when  compared  with  that  of  similar  defoliated  shoots  not  ringed. 
The  amount  of  growth  of  ringed  leafy  shoots  is  proportional  to  the  leaf  area 
above  the  ring  and,  when  several  leaves  are  present,  is  approximately  the 
same  as  that  of  normal  shoots  for  the  first  few  days.  These  results  indicate 
that  food  necessary  for  growth  moves  up  through  the  phloem  and  not  the 
xylem,  and  that  this  food  is  probably  largely  carbohydrate  because  it  is 
produced  in  leaves.  That  ringing  interferes  with  upward  transport  of  foods 
was  indicated  not  only  by  diminished  growth  of  ringed  defoliated  stems  but 
by  the  fact  that  they  also  had  a  low  sugar  content  and  low  osmotic  concen- 
tration when  compared  with  similar  shoots  not  ringed.  The  occasional 
withering  of  ringed  defoliated  shoots  is  demonstrated  to  be  due,  not  to  any 
injury  to  the  xylem,  but  to  the  low  osmotic  concentration  making  the  parts 
unable  to  compete  with  other  tissues  for  water.  That  the  failure  to  carry 
sugar  through  the  wood  is  not  due  to  the  lack  of  a  transpiration  stream  is 
demonstrated  by  experiments  showing  no  movement  into  defoliated  stems 
if  they  are  isolated  from  leaves  below  by  a  ring,  but  ready  movement  if  not 
so  isolated.  Leaves  were  present  above  in  both  cases  to  insure  a  flow  of 
water  through  the  stem.  Other  experiments  on  the  ringing  of  branches 
with  leaves  lacking  chlorophyll  as  well  as  experiments  with  cotton  where 
the  xylem  is  separated  from  the  wood  demonstrate  that  upward  transport 
of  carbohydrates  is  limited  to  the  phloem. 

8.  Experiments  of  several  sorts  are  cited  which  demonstrate  that  food 
moving  to  fruits  is  carried  exclusively  through  the  phloem.  This  is  true 
independently  of  whether  the  food  is  coming  from  the  leaves  situated  above 
the  fruit  or  below  it.  If  the  phloem  is  intact,  food  may  move  distances  up 
to  three  meters  to  fruits  on  defoliated  branches. 

9.  In  order  to  determine  more  certainly  whether  xylem  or  phloem  is 
chiefly  concerned  in  upward  transfer,  and  in  order  to  eliminate  the  criticism 
that  ringing  stops  transfer  because  it  results  in  injury  to  the  xylem,  experi- 
ments were  carried  out  in  which  the  xylem  was  removed  and  the  phloem 
left  intact.  Such  experiments  were  performed  with  defoliated  shoots  and 
the  amounts  of  growth  above  the  operated  regions  compared.  In  experi- 
ments of  this  sort  with  many  kinds  of  plants  it  was  found  that  cutting  the 
phloem  prevented  food  transfer,  whereas  cutting  the  xylem  allowed  for 
approximately  normal  transfer.  That  the  cambium  is  not  necessary  for 
transport  was  indicated  by  experiments  in  which  both  xylem  and  cambium 
were  removed. 


CHAPTER  III 

EVIDENCE  FOR  THE  UPWARD  TRANSPORT  OF 
NITROGEN  AND  SALTS  THROUGH  THE  PHLOEM 

10.  Effects  of  Ringing  on  the  Upward  Transfer  of 
Nitrogen  and  Ash  Constituents. — Since  considerable  evi- 
dence had  accumulated  which  definitely  indicated  that 
carbohydrates,  though  they  are  stored  in  the  xylem,  are 
not  readily  transported  longitudinally  through  these  tissues, 
it  seemed  desirable  to  determine  the  effects  of  ringing  on 
the  upward  transfer  of  salts  absorbed  from  the  soil  solu- 
tion, for  these  have  been  universally  assumed  to  travel 
with  the  transpiration  stream.  Many  experiments  were 
therefore  carried  out  to  test  the  effect  of  ringing  on  the 
upward  transfer  of  solutes  absorbed  from  the  soil.  The 
details  of  several  such  experiments  are  presented  in  my 
paper  of  1923. 

It  will  be  sufficient  here  to  summarize  briefly  some  of  the 
evidence  presented  in  that  paper.  When  branches  of 
peach  trees  were  ringed  early  in  the  season  just  before  bud 
break,  and  sodium  nitrate  was  then  added  to  the  soil,  these 
ringed  branches  made  less  growth  than  the  check  branches, 
and  the  leaves  also  contained  less  nitrogen  and  ash.  Such 
results  were  obtained  with  all  the  trees  experimented  with, 
but  it  will  be  sufficient  to  describe  the  results  with  one 
tree.  One  arm  of  a  small  peach  tree  forked  in  the  top  was 
ringed  at  a  point  where  the  stem  was  2.5  cm.  in  diameter, 
and  the  ring  wound  was  protected  with  melted  paraffin. 
In  spite  of  the  fact  that  this  ringed  branch  was  the  leader 
and  slightly  larger  than  the  other,  the  check  branch  by  the 
end  of  the  season  had  made  many  times  the  growth  of  the 
ringed  one.  The  three  largest  shoots  of  the  ringed  branch 
were  found  to  have  developed  no  side  branches  and  bore 
only  50  leaves  in  all.     The  three  main  shoots  on  the  check 
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branch,  on  the  other  hand,  had  developed  an  average  of 
24  side  shoots  each,  and  these  alone  had  borne  over  1,200 
leaves.  The  smaller  shoots  alone  on  the  check  branch 
bore  many  times  the  number  of  leaves  that  was  found  on 
the  entire  ringed  branch  while  the  three  main  shoots  of  the 
check  bore  24  times  as  many  leaves  as  the  corresponding 
shoots  on  the  ringed  branch.  Not  only  were  there  many 
more  leaves  on  the  check  branch,  but  the  leaves  averaged 
about  65  per  cent  larger  in  area  and  44  per  cent  heavier  dry 
weight  per  leaf,  140  per  cent  more  total  nitrogen  per  leaf, 
46  per  cent  more  nitrogen  per  square  decimeter,  68  per  cent 
more  nitrogen  per  gram  of  dry  weight,  112  per  cent  more 
total  ash  per  leaf,  31  per  cent  more  ash  per  square  decimeter 
of  leaf  area,  and  50  per  cent  more  ash  per  gram  of  dry 
weight.  Since  the  three  main  shoots  of  the  check  branch 
bore  about  24  times  as  many  leaves  as  the  corresponding 
shoots  of  the  ringed  branch  and  since  these  check  leaves 
contained  2.4  and  2.12  times  as  much  nitrogen  and  ash, 
respectively,  per  leaf,  the  total  nitrogen  and  ash  moving 
through  the  stem  of  the  check  branch  must  have  been  over 
50  times  those  of  the  ringed  stem. 

Although  this  evidence  indicated  rather  clearly  that  the 
xylem  was  not  effectively  carrying  nitrogen  and  ash  con- 
stituents and  that  this  lack  of  nutrient  salts  may  have 
accounted  for  the  poor  growth  of  the  ringed  stem,  it  was 
recognized  that  the  ring  may  have,  for  some  other  reason, 
influenced  growth  and  other  processes  of  the  parts  above 
it,  and  these  in  turn  may  have  influenced  solute  transloca- 
tion. It  was  also  recognized  that  the  ring  had  prevented 
the  formation  of  new  xylem  at  the  point  ringed,  and  had 
also  reduced  the  formation  of  new  stem  tissues  immediately 
below  the  point  of  ringing.  For  these  reasons  other  experi- 
ments were  carried  out  in  which  the  ringing  was  done  after 
the  leaf  formation,  shoot  elongation,  and  xylem  formation 
were  nearly  or  quite  completed  for  the  season. 

Representative  data  from  such  an  experiment  with 
Ligustrum  bushes  are  summarized  in  Table  9.  For  this 
experiment  matched  stems  were  selected  and  one  leaf  from 
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each  pair  of  opposite  leaves  was  taken  at  the  beginning, 
Aug.  25,  1920,  and  its  mate  was  harvested  at  the  end  of  the 
experiment.  It  is  noticeable  that  the  leaves  of  ringed  and 
check  stems  increased  in  ash  and  nitrogen  contents,  but 
the  increases  in  the  check  stems  were  from  3  to  5  times 
those  in  the  ringed.  Another  set  of  stems,  started  at  the 
same  time  but  harvested  after  75  days  instead  of  39  and  40 
days,  respectively,  showed  changes  very  similar  to  those 
presented  in  Table  9. 

Table  9. — Effect  of  Ringing  on  the  Gains  in  Nitrogen  and  Ash 

Content  of  Leaves  of  Ligiistrum 

Paired  leaves  taken  one  at  beginning  and  the  other  at  end  of  experiment. 

Each  figure  is  the  amount  per  stem,  an  average  of  12  separate 

determinations 


Area  of  leaves 

Dry  wt.,  g 

Total  nitrogen,  mg 

Nitrogen,  mg.  per  sq.  dec. 
Nitrogen,  mg.  per  gm.  dry 

wt 

Total  ash,  mg 

Ash,  mg.  per  sq.  dec 

Ash,  mg.  per  g.  dry  wt.  .  . 


Check 


Aug. 
25 


0.956 
1.130 
16.43 
17.07 

14.41 

85.4 

92.0 

77.8 


Oct.  3 
and  4 


1.104 
1.376 
34.51 
32.36 

24.81 
139.9 
127.2 
101.4 


Av.* 
gain. 


16.6 

22.9 

115.9 

82. 4 

67.6 
61.1 
38.8 
30.8 


Ringed 


Aug. 
25 


0.902 
1.033 
14.10 
16.14 

13.90 
79.8 
91.9 
79.8 


Oct.  3 
and  4 


1.017 
1 .  696 
17.38 
16.88 

10.13 
95.2 
95.1 
57.1 


Av.* 
gain, 


12.9 

66.2 

22   7 

6.5 

-25.5 

20.7 

3.8 

-27.2 


Differences, 

'i  gain  in  check 

in  excess  of  that 

of  ringed 


3. 

-43. 

93. 

75. 


105.3 
40.4 
35.0 
58.0 


*  The  gain  for  each  stem  was  determined  separately  and  then  averaged. 


Other  experiments  with  comparable  results  were  carried 
out  with  peaches,  apple,  and  lilac.  Some  of  the  data  are 
presented  in  the  earlier  paper  (1923).  Additional  data  are 
presented  by  MacDaniels  and  Curtis  (1930).  With  the 
lilac,  however,  the  leaves  from  the  ringed  branches  showed 
a  slight  actual  loss.  This  loss  may  have  been  due  to 
leaching  by  rains.  A  number  of  workers  (LeClerc  and 
Breazeale,  1908;  Mann  and  Wallace,  1925;  and  others) 
have  observed  a  removal  of  potassium  by  rains.  In  a  few 
instances,  in  which  the  experiments  were  started  late  in 
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the  summer  when  no  nitrogen  was  added  to  the  soil,  or 
when  there  were  no  rains  to  wash  what  was  appUed  into  the 
soil,  no  distinct  increases  were  evident  in  either  ringed  or 
check  leaves.  When  expressed  as  a  percentage  of  dry 
weight,  the  leaves  of  the  ringed  stem  showed  decreases  as 
one  would  expect. 

Though  ringing  experiments  of  the  type  mentioned  have 
in  every  case  resulted  in  an  interference  in  upward  transfer 
of  solutes,  this  in  itself  cannot  be  considered  as  conclusive 
evidence  that  the  xylem  is  not  directly  concerned  in 
translocation,  for  the  rate  of  transpiration  from  ringed 
branches  seems  commonly  reduced. 

If  solutes  are  carried  in  the  transpiration  stream,  this 
reduced  transpiration  may  partly  account  for  the  reduction 
in  solutes  carried  to  the  ringed  branch.  To  eliminate  a 
possible  effect  of  transpiration,  an  experiment  was  carried 
out  with  twigs  of  Ligustrum  treated  as  previously  described 
in  Sec.  7  and  shown  in  Fig.  1.  On  all  twigs  there  was  a 
group  of  four  pairs  of  leaves  at  the  top  of  the  stem  to 
insure  a  transpiration  stream  through  the  stem.  In  two 
sets  of  12  stems  each,  rings  were  made  immediately  below 
the  upper  leaves,  and  in  one  of  these  sets  additional  rings 
were  also  made  at  the  base  of  the  defoliated  parts.  In  all 
three  sets  each  twig  had  4  pairs  of  leaves  at  the  top,  and 
in  each  case  a  ring  was  present  between  these  leaves  and 
the  leaves  below.  This  would  tend  to  make  the  amounts 
and  rates  of  water  movement  through  the  defoliated  parts 
about  equal  in  all  instances.  Since  the  carbohydrate 
content  of  the  defoliated  region  would  be  expected  to 
influence  its  ability  to  absorb  or  retain  nitrogen,  rings  were 
made  at  both  the  top  and  base  of  the  defoliated  region  in 
one  set  of  twigs  to  insure  a  low  carbohydrate  content,  and 
at  the  base  only  in  the  other  set  to  insure  a  high  carbo- 
hydrate content.  As  is  clearly  shown  in  Table  10,  the 
ring  at  the  base  of  the  defoliated  part  has  interfered  with 
the  movement  of  nitrogen  into  this  region,  both  when  the 
carbohydrate  content  is  high  and  when  it  is  low,  and  the 
effect  is  not  due  to  an  effect  on  transpiration. 
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Maskell  and  Mason  (1929a)  suggest  that  these  same 
data  support  the  hypothesis  that  the  chief  path  of  upward 
transport  of  nitrogen  is  the  wood,  for,  assuming  all  the 
twigs  at  the  beginning  had  a  nitrogen  content  like  those 
in  group  2  with  two  rings,  those  treated  as  in  group  3  had 
increased  3.3  mg.  per  twig  and  the  checks  (group  1) 
increased  4.66  mg.  per  twig.     The  increase  in  group  3  was 


Table  10. — Effects  of  Ringing  upon  the  Nitrogen  Conte 
Defoliated  Parts  of  a  Stem 

NT    OF 

Averages  mostly 
of  12  stems 

1 

2 

3 

Check 

Ringed,  low 
carbohydrate 

Rel.  to 
check 

Ringed,  high 
carbohydrate 

Rel.  to 
check 

Dry  wt.  per  stem 
Total  nitrogen  per 

stem,  mg. 
Nitrogen,  mg.  per 

g.  dry  wt. 

1.265 
12.11 

9.62 

0.989 

7.45 
7.56 

0.78 
0.62 
0.79 

1.704 
10.75 
6.08 

1.35 
0.89 
0.63 

70.8  per  cent  of  that  in  the  checks.  Their  hypothesis 
assumes  that  the  nitrogen  moves  up  through  wood  to  the 
leaves,  from  which  it  subsequently  moves  back  through 
the  phloem  as  organic  nitrogen  and  accumulates  in  the 
bark  and  wood.  According  to  this  hypothesis  they  suggest 
that  the  defoliated  region  of  the  twigs,  treated  as  in  group 
3,  could  receive  nitrogen  only  from  the  eight  leaves  at  the 
top,  those  treated  as  in  group  2  could  receive  no  organic 
nitrogen  from  leaves,  while  the  checks  (group  1)  could 
receive  nitrogen  from  the  entire  plant  except  the  eight 
leaves  at  the  top.  The  increase  in  nitrogen  of  twigs  in 
group  3,  receiving  organic  nitrogen  from  only  eight  leaves, 
since  it  was  nearly  71  per  cent  of  the  increase  of  those 
twigs  receiving  nitrogen  from  the  entire  plant,  suggested 
to  them  that  this  experiment  adds  support  to  the  hypothesis 
that  nitrogen  moves  to  the  leaves  through  the  xylem  and 
is  transported  from  them  through  the  phloem.  They  seem 
to  overlook  the  fact  that  the  amount  of  nitrogen  found  in 
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the  stems  with  no  ring  below  the  defoliated  part  may  give 
no  indication  of  the  total  amount  that  has  moved  into  this 
region.  This  part  is  in  complete  connection  with  the  rest 
of  the  plant  and  one  would  not  expect  it  to  accumulate 
materials  in  excess  of  amounts  found  in  other  parts.  Per- 
haps the  amount  finally  found  is  only  one-half  or  even 
one-tenth  of  the  amount  that  may  have  moved  in  and  out 
again.  Above  the  ring,  however,  in  group  3,  there  was  no 
opportunity  (except  by  leaching  which  should  be  similar 
in  all  treatments)  for  the  nitrogen  to  leave  the  tissues  after 
it  had  once  entered.  Even  after  the  long  period  of  39 
days,  only  about  71  per  cent  as  much  total  nitrogen  had 
entered  this  tissue  as  had  been  retained  by  the  other  stems, 
which  may  have  received  and  reexported  many  times  the 
amount  finally  found. 

Furthermore,  though  the  twigs  with  the  single  ring  at 
the  base  had  more  nitrogen  than  those  with  two  rings,  this 
does  not  mean  that  all  these  twigs  at  the  beginning  had  a 
low  nitrogen  content  similar  to  the  double-ringed  stems 
at  the  end  of  the  experiment.  Respiration  must  have 
appreciably  reduced  the  carbohydrate  content  between  the 
two  rings.  This  would  tend  to  result  in  a  decomposition 
of  the  proteins  and  the  production  of  more  soluble  forms  of 
nitrogen.  This  would  very  likely  result  in  some  release 
and  leaching  of  nitrogen  into  the  transpiration  stream  and 
thus  tend  to  reduce  the  amount  present.  Some  nitrogen 
might  similarly  enter  with  the  transpiration  stream  from 
below,  but  the  low  carbohydrate  between  the  two  rings 
would  reduce  the  tendency  to  retain  any  passing  through. 
Maskell  and  Mason  (1929a)  found  an  appreciable  loss  of 
nitrogen  from  between  rings  on  the  stem  of  cotton,  which 
can  probably  be  accounted  for  on  the  same  basis,  that  is, 
release  of  nitrogen  from  starved  tissues.  In  a  later  paper, 
however  (1930a),  they  observed  a  slight  increase  in  defoli- 
ated parts  between  rings.  Since  the  amount  originally 
present  in  the  stem  was  not  determined  and  since  there 
are  no  data  showing  the  amounts  passing  into,  and  out  of, 
the  bark  when  phloem  connections  are  not  broken,   no 
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definite  conclusions  can  be  drawn  with  reference  to  increases 
or  decreases  in  these  Ligustrum  twigs. 

Several  have  suggested  that  most  of  my  data,  showing 
that  ringing  causes  a  retardation  of  upward  transport 
both  of  carbohydrates  and  of  nitrogen  and  ash  constituents, 
can  be  explained  on  the  grounds  that  the  rings  have  caused 
plugging  or  other  morbid  changes  in  the  xylem,  and  that 
they  are  not  to  be  interpreted  as  demonstrating  that  upward 
transport  takes  place  through  the  phloem.  As  is  pointed 
out  in  Sec.  25,  however,  there  is  abundant  evidence  that 
in  many  of  the  experiments  there  was  no  sign  of  any  inter- 
ference to  flow  through  the  xylem.  When  the  ring  wounds 
are  thoroughly  protected  by  melted  paraffin,  as  was  the 
practice  in  all  of  these  experiments,  the  xylem  does  not 
become  plugged.  Since  with  these  woody  plants  ringing 
has  consistently  interfered  with  upward  transport  of 
nitrogen  and  ash  constituents,  even  when  no  plugging  has 
taken  place,  the  interference  cannot  be  ascribed  to  blocking 
the  xylem. 

Although  the  xylem  has  not  become  blocked,  it  is  true 
that,  in  many  cases  at  least,  the  amount  of  transpiration 
has  been  less  from  the  leaves  of  the  ringed  stems.  No 
extensive  data  are  available  showing  how  much  transpira- 
tion is  lessened  by  ringing.  A  few  measurements  with 
standardized  cobalt  chloride  paper  have  shown  that  the 
leaves  of  ringed  branches  of  Ailanthus  were  losing  about 
one-half  to  one-third  as  much  water  at  midday  as  similar 
leaves  of  check  branches.  These  measurements  were  made 
about  three  weeks  after  the  rings  were  made,  and  yet  at 
this  time  the  xylem  of  the  ringed  stems  was  not  plugged 
but  carried  dyes  past  the  ring  as  readily  as  did  that  of 
unringed  stems. 

This  reduction  in  transpiration  from  ringed  shoots  seems 
to  be  due  largely  to  the  effects  of  the  ringing  on  the  leaves 
and  perhaps  chiefly  to  the  effect  of  the  high  carbohydrate 
and  low  nitrogen  on  the  stomates.  To  test  this  point 
Miss  Pleasants  has  made  a  number  of  observations  and 
found  that  the  stomates  on  the  leaves  of  ringed  branches 
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of  a  number  of  woody  plants  will  open  only  for  a  short  time 
each  day,  or  may  show  almost  no  opening  at  all,  while 
those  on  normal  branches  will  open  more  widely  and  remain 
open  longer.  There  is  also  a  possible  effect  of  high  carbo- 
hydrate on  leaf  structure,  thickness  of  cuticle,  thickness  of 
wall,  etc.,  and  also  perhaps  a  slight  effect  of  the  high  con- 
centration on  vapor  pressure,  though  the  latter  effect  is 
probably  very  slight. 

That  a  reduction  in  transpiration  should  result  in  a 
reduced  solute  transport  through  the  xylem  does  not  neces- 
sarily follow.  I  know  of  no  experimental  evidence  showing 
that  the  normal  upward  transport  of  nutrient  salts  is  in 
any  way  interfered  with  when  transpiration  is  reduced  to  a 
minimum  by  high  humidity.  It  has  been  suggested  that 
the  minimum  transpiration  necessary  for  transport  has  not 
been  reached  in  experiments  at  high  humidity.  The 
amount  of  transpiration  from  the  leaves  of  the  ringed  stems, 
however,  has  almost  certainly  exceeded  this  minimum,  yet 
in  some  instances  the  increase  in  nitrogen  or  ash  of  these 
leaves  has  been  exceedingly  small  as  compared  with  the 
increase  in  the  check  leaves.  Since  in  most  cases  the 
ringed  branches  were  in  competition  for  water  with  check 
branches  on  the  same  plant,  one  might  postulate  that  a 
slight  reduction  in  transpiration  from  the  ringed  stem  might 
greatly  favor  flow  to  the  check  stem.  In  other  experi- 
ments, however,  in  which  single  main  stems  were  ringed 
in  some  cases  while  one  of  a  forked  pair  was  ringed  in 
others,  no  differences  in  response  were  evident  between  the 
branches  having  competition  and  those  having  none. 
When  one  realizes  that  any  solutes  passing  the  ring  must 
be  trapped  in  the  tissues  above,  whereas  much  of  the 
material  passing  into  the  check  leaves  may  be  transported 
out  again,  it  is  surprising  that  the  tissues  above  a  ring  do  not 
accumulate  more  than  they  do,  even  if  most  of  the  solutes 
are  carried  in  the  phloem  and  only  small  amounts  leak 
into  the  xylem.  If,  on  the  other  hand,  the  transport  is 
chiefly  through  the  xylem,  I  see  no  satisfactory  explanation 
for  the  failure  to  accumulate  above  a  ring,  even  assuming 
that  the  rate  of  transpiration  is  greatly  reduced. 
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There  are  no  extensive  data  showing  the  extent  of 
transport  into  and  export  from  leaf  tissues,  but  Chibnall 
(1923),  basing  his  calculations  chiefly  on  the  fresh  weight 
basis,  claimed  a  diurnal  transport  of  from  2  to  4  per  cent, 
or  more,  of  nitrogen.  He  also  cites  data  from  others  who 
claim  a  diurnal  transport.  Maskell  and  Mason  (1929o), 
expressing  the  fluctuations  as  percentages  of  the  mean 
content,  found  about  10  per  cent  fluctuation  of  nitrogen 
on  the  fresh-weight  basis  and  about  4,17  per  cent  fluctua- 
tion on  the  residual  dry-weight  basis.  (Subtracting  the 
standard  deviations  due  to  sampling  there  would  be 
respectively  8  and  2.75  per  cent.)  In  a  second  series  they 
found  diurnal  variations  amounting  to  about  16  per  cent 
on  the  fresh- weight  basis  and  14  per  cent  on  the  residual 
dry-weight  basis.  Even  accepting  one  of  the  lower  figures, 
that  an  amount  equal  to  4  per  cent  of  the  total  nitrogen 
of  the  leaf  is  transported  from  the  leaf  each  night,  then,  if 
the  final  amount  has  not  changed,  at  the  end  of  25  days, 
an  amount  equal  to  the  total  amount  present  at  the  end 
has  been  transported  from  the  leaf.  This  would  greatly 
increase  the  differences  between  the  analyses  of  the  ringed 
and  check  stems,  for  little  or  none  would  be  lost  from  the 
leaves  of  the  ringed  stems.  If  nitrogen  is  removed  from 
the  leaves  during  the  day  also — and  Maskell  and  Mason 
(1929a)  claim  a  greater  transport  by  day  than  at  night — 
then  the  total  amount  removed  under  the  conditions  here 
assumed  would  be  at  least  twice  the  amount  actually  found. 
This  would  mean  that  the  real  difference  between  the  amounts 
moving  through  the  check  stems  and  the  ringed  stems  is  much 
greater  than  the  actual  difference  found  by  analysis.  Under 
such  conditions  it  would  seem  that  the  differences  in 
transpiration  rates  could  not  account  for  the  great  differ- 
ences in  transport. 

At  the  time  of  performing  the  ringing  experiments 
reported  in  this  section,  I  had  assumed  that,  in  order  to 
solve  the  problem  as  to  what  tissue  is  concerned  in  the 
upward  transport  of  nitrogen  and  ash  constituents,  all 
that  was  necessary  was  to  demonstrate  an  upward  move- 
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ment  through  the  phloem,  for  it  was  claimed  that  the 
phloem  was  inadequate  to  carry  solutes  at  normal  rates. 
That  the  phloem  can  carry  these  solutes  upward  has  been 
conclusively  demonstrated  in  the  experiments  on  the 
behavior  of  defoliated  shoots  where  first  one  tissue,  the 
phloem,  and  then  the  other,  the  xylem,  have  been  cut. 
The  experiment  on  equalizing  the  transpiration  stream 
also  clearly  indicates  that  nitrogen  moving  into  a  defoliated 
region  of  the  stem  enters  chiefly  by  way  of  the  phloem 
and  not  the  xylem.  At  that  time  it  also  seemed  to  me  that 
the  only  adequate  mechanism  that  might  account  for 
transport  was  the  rotational  streaming  of  the  phloem  cell 
contents.  If  then  the  phloem  was  demonstrated  as 
capable  of  carrying  materials  both  upward  and  down- 
ward, it  seemed  obvious  that  the  movement  in  both 
directions  was  and  could  be  simultaneous.  With  the 
mechanism  for  unidirectional  flow  proposed  by  Miinch 
(1927)  and  Crafts  (1931),  however,  it  is  clear  that  the  proof 
of  movement  in  both  directions  through  the  phloem  is  not 
proof  of  simultaneous  movement  in  both  directions. 
Although  evidence  presented  in  Chap.  V  seems  clearly  to 
show  that  hypotheses  proposed  by  Miinch  and  by  Crafts 
are  untenable,  the  upward  movement  of  sugars  and  of 
inorganic  constituents  through  the  phloem  into  defoliated 
regions,  and  the  downward  movement  from  the  leaves  to 
the  roots  do  not  offer  conclusive  proof  of  simultaneous 
movement  in  both  directions.  The  experiment  devised 
to  equalize  the  transpiration  stream  through  defoliated 
regions,  therefore,  does  not  conclusively  prove  that  tran- 
spiration does  not  control  upward  .movement  of  nitrogen 
into  leaves.  It  is  possible,  as  far  as  these  particular 
experiments  show,  that  nitrogen  and  nutrient  salts  are 
carried  into  the  leaves  with  the  transpiration  stream  and 
are  retransported  from  the  leaves  through  the  phloem  into 
growing  shoots  or  defoliated  regions. 

In  spite  of  the  fact  that  the  data  from  these  experiments 
with  defoliated  shoots  seem  less  conclusive  than  when  first 
proposed  there  still  remains  the  extensive  and  clear-cut 
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evidence,  from  the  experiments  in  which  larger  stems  were 
ringed  and  leaves  were  left  above  the  ring,  that  ringing 
does  interfere  with  upward  transport  of  salts,  even  when 
there  is  no  injury  to  the  xylem.  It  is  true  that  all  of  these 
experiments  are  open  to  the  criticism  that  transpiration 
from  the  leaves  above  the  ring  is  likely  to  be  lessened,  but, 
as  pointed  out  earlier  in  this  section,  this  difference  in 
transpiration  would  seem  inadequate  to  account  for  the 
great  differences  observed,  especially  in  view  of  the  trapping 
effect  of  the  ring  in  preventing  reexport  from  the  parts  above  it. 

If  transport  through  the  phloem  is  unidirectional  at  any 
one  time  and  place  (see  Chap.  V),  as  assumed  by  Miinch 
(1930)  and  by  Crafts  (1931),  then  it  is  obvious  that,  while 
carbohydrates  are  moving  down  from  the  leaves  to  the 
roots,  any  upward  transport  of  salts  from  the  soil  must 
take  place  exclusively  through  the  xylem.  Under  such 
conditions  it  would  not  be  possible  for  organic  or  inorganic 
material  of  any  sort  to  move  up  through  the  phloem.  If, 
on  the  other  hand,  simultaneous  movement  in  both  direc- 
tions through  the  phloem  of  the  main  stem  is  demonstrated, 
then,  although  small  amounts  of  any  solutes  that  may 
leak  into  the  xylem  may  be  carried  in  the  transpiration 
stream,  still  the  major  part  of  the  upward  transport  may 
take  place  through  the  phloem  at  the  same  time  that  a 
downward  movement  is  taking  place  through  the  same 
tissues. 

If  carbohydrates  are  carried  almost  exclusively  through 
the  phloem — and  even  those  that  may  be  stored  in  abun- 
dance in  the  xylem  regions  are  not  transported  through 
the  xylem  (see  Sees.  4  and  5),  and  the  evidence  points  very 
strongly  to  such  a  conclusion — it  seems  unlikely  that  the 
plant  can  have  developed  a  mechanism  that  would  carry 
one  type  of  solute  exclusively  through  the  xylem  and 
another  through  the  phloem. 

The  findings  of  Auchter  (1923),  although  not  so  clear-cut 
in  their  indications  as  to  the  tissues  concerned  in  transport 
as  are  these  ringing  experiments,  yet  at  the  same  time  may 
be  considered  to  support  the  contention  that  the  movement 
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of  water  is  independent  of  the  movement  of  nitrogen. 
He  found  that  in  straight-grained  trees,  where  roots  and 
branches  are  well  distributed  around  the  circumference 
of  the  trunk,  the  sugars  from  the  leaves  on  one  side  move 
chiefly  to  the  roots  directly  below  them,  and  that  nitrogen 
absorbed  by  the  roots  on  one  side  of  a  tree  moves  principally 
to  the  branches  directly  above.  Since  cutting  the  roots 
on  one  side  diminished  the  growth  of  shoots  on  the  opposite 
side  as  well  as  directly  above,  probably  because  of  decreased 
water  supply,  and  defoliation  of  one  side  increased  shoot 
growth  on  the  opposite  side,  probably  because  of  increased 
water  supply,  it  seems  that  water  moves  rather  freely 
from  one  side  of  the  tree  to  the  other.  This  evidence, 
though  not  very  conclusive,  tends  to  support  the  suggestion 
that  water  and  mineral  salts  move  independently  from  the 
roots  to  the  leaves.  Other  evidence  of  a  somewhat  similar 
nature  is  presented  by  MacDaniels  and  Curtis  (1930).  In 
this  work  spiral  rings  passing  twice  around  the  trunk  were 
made  on  a  large  number  of  apple  trees.  Sodium  nitrate 
was  added  to  the  soil  and  it  was  found  that  the  nitrogen 
had  followed  the  spiral  and  then  moved  up  vertically 
after  it  passed  the  end  of  the  spiral  ring.  The  branches 
on  the  side  that  was  obstructed  by  the  end  of  the  spiral 
received  very  little  nitrogen,  and  behaved  like  branches  that 
had  been  completely  ringed.  That  the  nitrogen  was 
moving  through  the  phloem,  and  not  the  xylem,  was  indi- 
cated by  the  fact  that  the  response  was  the  same  whether 
the  phloem  only  was  removed  in  a  spiral,  or  the  phloem 
and  the  xylem  to  a  depth  of  two  annual  rings  were  removed. 
Of  course,  by  the  end  of  the  season  new  spiral  layers  of 
both  phloem  and  xylem  were  formed,  and  the  nitrogen 
may  have  followed  these,  but  since  the  vertical  xylem  under 
the  spiral  phloem  ring  was  intact  for  a  part  of  the  season  at 
least,  the  nitrogen,  if  it  is  carried  in  the  xylem,  should  have 
followed  these  vertical  xylem  tubes  instead  of  moving  in  a 
spiral. 

11.  Evidence  Tending  to  Contradict  That  Presented  in 
Sec.    10. — Clements    (1930)    has  recently  published  data 
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which  he  thinks  demonstrate  that  nutrient  salts  are  carried 
chiefly  through  the  xylem.  He  has  ringed  stems  of  grapes, 
plum,  and  three  varieties  of  raspberry.  This  was  done 
early  in  the  spring  before  the  new  shoots  had  formed.  At 
the  end  of  the  growing  season  he  has  compared  the  total 
nitrogen  and  total  ash  contents  of  the  ringed  stems, 
including  the  new  shoots  and  leaves  that  had  developed 
from  their  buds,  with  those  of  similar  stems  taken  at  the 
beginning  of  the  experiment  before  new  shoots  had  formed. 
Averages  of  his  findings  are  presented  in  Table  11. 


Table  11. 


-Data  from  Clements  Showing  Increase  of  Nitrogen  and 
Ash  of  Ringed  Shoots 


Plant 


Grape 

Plum 

Black  raspberry 

Cuthbert  raspberry .  . 
Columbian  raspberry , 


Total 

No. 

nitrogen 

of  stems 

relative  to 

averaged 

sample  at 

beginning* 

22 

43.5 

6 

2.7 

1 

3.8 

9 

5.8 

5 

4.8 

No. 
of  stems 
averaged 


Total  ash 
relative  to 
sample  at 
beginning* 


43.3 

4.3 
7.0 

8.9 


*  Clements  calls  this  "increase"  over  the  sample  at  the  beginning.     The  increase,  how- 
ever, is  less  by  one  in  each  case. 

Since  the  final  contents  average  from  nearly  3  to  nearly 
44  times  the  amounts  originally  present,  he  concludes  that 
the  xylem  is  chiefly  concerned  in  transport.  With  the 
exception  of  the  grape,  which  he  says  is  very  well  suited 
for  ringing  experiments,  the  final  amounts  were  from  three 
to  nine  times  the  amounts  originally  present. 

He  criticizes  my  experiments  partly  on  the  grounds  that 
I  had  no  checks  at  the  beginning,  but  he  had  no  checks  at 
the  end.  Actually  in  many  of  the  experiments  I  reported, 
I  did  have  check  samples  taken  both  at  the  beginning  and 
again  at  the  conclusion  of  the  experiments.  It  is  true 
that  in  none  did  I  include  the  entire  twigs,  stems,  and 
leaves,  at  both  periods,  but  in  several  cases  check  leaf 
samples  were  taken  both  at  the  beginning  and  at  the  end 
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of  the  experiments.  When  such  samples  were  taken,  in 
most  cases  there  was  a  clear  increase  in  nitrogen  and  ash 
in  both  ringed  and  unringed  stems,  but  there  was  a  much 
greater  increase  in  the  unringed  stems.  Since  Clements 
had  no  sample  from  unringed  stems  at  the  end  of  the 
season,  he  has  no  evidence  concerning  the  relative  amounts 
of  movement  through  ringed  and  normal  stems.  The 
increases  he  obtained  over  the  original  amounts  were  great, 
it  is  true,  but  I  am  sure  the  increases  in  total  nitrogen  and 
ash  in  the  peach  trees  ringed  before  shoot  growth  started 
(see  p.  48)  were  equally  great,  yet  in  the  check  branches 
the  increases  were  still  greater  by  at  least  50  times. 

Clements  also  states  that  the  ring  will  prevent  formation 
of  new  xylem,  which  is  true  if  the  rings  are  made  only  in 
the  early  spring.  In  most  of  the  experiments  reported  in 
my  1923  paper,  however,  rings  were  made,  partly  for  this 
very  reason,  much  later  in  the  season,  when  much  or  all 
of  the  new  xylem  had  been  laid  down. 

Evidence  directly  contradictory  to  that  of  my  own  with 
woody  plants  has  been  reported  by  Maskell  and  Mason 
for  cotton  plants  (1929a,  19306,  and  Mason  and  Maskell, 
1931).  They  have  found  accumulation  of  nitrogen  above 
rings  in  excess  of  the  amounts  found  in  unringed  stems,  and 
amounts  below  rings  less  than  in  similar  regions  of  unringed 
stems.  This  evidence  clearly  supports  their  contention 
that  nitrogen,  perhaps  in  the  form  of  nitrate,  or  even  as 
organic  nitrogen  if  analyses  of  tracheal  sap  are  a  criterion, 
is  carried  upward  to  the  leaves  through  the  xylem,  is 
perhaps  there  synthesized  into  organic  nitrogen,  and 
retransported  through  the  phloem  to  other  parts.  Whether 
this  contradictory  evidence  is  due  to  a  difference  in  kind 
of  plant  used,  or  to  some  other  factors  cannot  be  settled 
without  further  experimental  evidence.  Most  of  the  data 
of  Maskell  and  Mason  were  obtained  within  12  to  52  hours 
after  ringing,  whereas  in  my  earlier  experiments  with 
woody  plants,  the  time  interval  was  much  longer,  ranging 
mostly  from  22  days  to  two  months  or  more.  In  later 
experiments  with  apple  and  Ailanthus,  however,  samples 
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were  taken  at  daily  intervals  up  to  a  week.  Though  the 
data  do  not  show  differences  that  are  statistically  sig- 
nificant, and  therefore  are  not  presented,  they  indicate  a 
gradual  day-to-day  increase  in  nitrogen  of  the  leaves  of 
the  check  plants  above  that  in  the  ringed.  They  show  no 
hint  of  excess  in  the  ringed  over  that  in  the  check  at  any 
period  during  the  experiment. 

The  data  of  Maskell  and  Mason  indicate  a  diurnal 
variation  in  nitrogen  and  ash  contents  of  leaves.  If  the 
diurnal  variation  is  real,  it  is  conceivable  that  the  ring,  by 
preventing  the  removal  from  the  leaves,  makes  it  appear 
as  if  these  leaves  had  actually  imported  more  than  the 
check  leaves,  whereas  it  is  possible  that  they  had  merely 
exported  less,  either  because  the  ring  had  prevented 
export,  or  because  the  higher  carbohydrate  content  had 
enabled  the  leaves  to  retain  more  nitrogen  as  well  as  other 
mineral  elements.  In  interpreting  the  data  of  Maskell  and 
Mason  (1929a)  it  should  also  be  remembered  that  only 
three  days  before  the  experiment  started  the  basal  part 
of  each  stem  was  cleared  of  all  leaves  and  branches  for  a 
distance  of  two  feet.  This  would  tend  to  result  in  a 
distinct  decrease  in  the  carbohydrate  content  of  the  plant 
as  a  whole  and  thus  would  favor  a  more  rapid  transport 
of  carbohydrate  and  nitrogen  from  the  remaining  leaves 
of  the  check  plant.  The  ring  would  prevent  such  trans- 
port from  the  leaves  of  the  ringed  plant.  Saposchnikoff 
(1890)  observed  that  the  leaves  of  Helianthus  plants,  from 
which  all  but  two  leaves  were  removed,  lost  dry  weight 
at  the  rate  of  0.653  g.  per  square  meter  per  hour,  while 
leaves  of  plants  with  fourteen  leaves  lost  at  the  rate  of 
only  0.198  g.  per  hour.  The  plant  with  leaves  reduced  to 
one-seventh  the  number  lost  3.3  times  as  fast.  With 
Cucurbita,  a  plant  with  two  leaves  remaining  lost  dry 
weight  at  the  rate  of  0.449  g.  per  square  meter  per  hour, 
while  a  plant  with  six  leaves  lost  at  the  rate  of  0.269  g. 
per  hour.  No  mention  is  made  as  to  the  proportion  of 
leaf  surface  removed  in  the  work  of  Maskell  and  Mason,  but 
the  effect  would  tend  to  accentuate  removal  from  the 
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remaining  leaves.  Furthermore,  the  deficiency  in  carbo- 
hydrate, particularly  in  the  lower  part  of  the  stem  and  the 
roots,  would  tend  to  starve  these  tissues  and  increase  the 
leakage  of  nitrogen  from  them  into  the  transpiration  stream. 
Schumacher  (1930)  has  demonstrated  a  marked  transport 
of  nitrogen  from  leaves  which  have  been  starved  by  dark- 
ening. Thus  when  a  single  leaf  of  an  otherwise  normally 
treated  plant  was  darkened,  from  70  to  80  per  cent  of  the 
original  nitrogen  was  transported  from  the  leaf  in  a  week 
through  the  phloem.  This  evidence  points  toward  the 
inability  of  a  starved  tissue  to  retain  its  nitrogen  when 
the  carbohydrate  content  is  lowered. 

Steward  in  correspondence  has  suggested  another  some- 
what similar  explanation  for  the  disagreement  between  my 
findings  and  those  of  Maskell  and  Mason.  He  points  out 
that  these  workers  used  only  three  of  the  upper  leaves 
of  the  cotton  plant  and  that  the  increase  of  nitrogen  in 
these  younger  leaves  of  the  ringed  stems  over  that  in  the 
checks  may  have  been  due  to  a  redistribution  within  the 
parts  above  the  ring.  Thus  it  is  possible  that  the  ring,  by 
preventing  movement  of  nitrogen  basally  from  the  older 
leaves,  has  tended  to  increase  its  movement  into  these 
younger  leaves.  Or,  as  was  suggested  in  the  foregoing,  if 
carbohydrates  were  deficient  in  the  upper  leaves,  the 
increased  supply  due  to  diversion  by  the  ring  might  favor 
an  increased  accumulation  of  nitrogen  in  these  same  leaves. 
Mason  and  Maskell  state  that  the  leaves  used  were  three 
mature  leaves  taken  from  near  the  top  of  the  main  axis 
of  each  plant.  I  have  failed  to  find  any  statement  as  to 
what  proportion  of  the  total  number  of  leaves  these 
formed.  It  is  also  not  clear  as  to  whether  these  ''mature" 
leaves  had  or  had  not  reached  their  maximum  growth. 
In  some  plants  even  what  might  be  considered  as  mature 
leaves,  under  favorable  conditions,  will  seem  to  continue 
growth  or  withdraw  materials  from  still  older  leaves. 
Although  it  is  possible  that  the  changes  in  composition  of 
these  leaves  may  be  largely  due  to  redistribution  within 
the  upper  part  of  the  plant,  it  cannot  be  assumed  to  be  a 
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probability.  This  is  another  of  the  many  translocation 
problems  that  await  further  investigation. 

In  experiments  with  stems  of  Ailanthus,  I  have  found 
clear  indications  of  a  redistribution  between  the  leaves  of  a 
single  branch.  The  nitrogen  of  the  older  leaves  decreased, 
while  that  of  the  younger  leaves  increased.  A  method 
similar  to  that  previously  used  (Curtis,  1923)  and  recently 
extended  and  described  by  Denny  (1930)  as  the  'Hwin 
leaf  "  method  was  used.  Ailanthus  with  its  large  compound 
leaves,  bearing  ten  to  twenty  pairs  of  well-matured  leaflets, 
was  found  highly  suitable  for  determining  absolute  changes 
in  dry  weight,  fresh  weight,  and  nitrogen  content,  as  well 
as  for  determining  percentage  changes  of  the  various 
components. 

The  finding  of  a  high  nitrogen  content  in  both  bark  and 
wood  above  a  ring,  and  its  decrease  below,  would  somewhat 
offset  the  suggestion  that  the  differences  may  be  due 
chiefly  to  a  redistribution  within  the  upper  part.  Even 
if  all  parts  above  showed  an  increase  in  nitrogen,  however, 
and  those  below  decreased,  the  criticism  still  stands  that 
roots  and  stems  below  the  ring  were  abnormally  starved 
and  would  therefore  lose  much  of  their  nitrogen  to  the 
transpiration  stream. 

In  later  papers  (Maskell  and  Mason,  19306;  and  Mason 
and  Maskell,  1931)  they  have  confirmed  their  findings 
of  an  increase  of  nitrogen  above  rings  and  have  found 
that  the  total  ash,  as  well  as  potassium  and  phosphorus, 
behave  in  much  the  same  way.  In  these  experiments  they 
may  not  have  heavily  pruned  or  defoliated  the  lower  part 
of  the  stem  just  previous  to  ringing  as  reported  in  the 
earlier  paper,  but  no  leaves  were  left  below  the  rings  so 
the  stems  and  roots  were  certainly  deprived  of  carbo- 
hydrates which  would  favor  loss  to  the  xylem.  The 
increase  in  nitrogen  of  the  stems  immediately  above  the 
ring  may  have  been  partly  due  to  stoppage  of  nitrogen 
moving  down,  and  partly  to  an  effect  of  the  increased 
carbohydrate  in  causing  a  redistribution  within  the  upper 
part.     Mason    and    Phillis    (1934)    found,    in    nitrogen- 
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starved  plants  which  contained  high  carbohydrate,  that 
nitrogen  diminished  in  the  older  more  basal  leaves,  increased 
in  the  upper  younger  leaves  and  stems,  and  increased 
also  in  the  older  part  of  the  stem  at  the  base.  Abnormal 
starvation  and  release  from  the  parts  below  the  ring  and 
redistribution  above  the  ring  may  largely  account  for  the 
findings  observed  but  does  not  prove  that  most  of  the 
nitrogen  and  ash  constituents  are  normally  carried  chiefly 
through  the  xylem. 

12.  Diurnal  Fluctuations  in  Nitrogen  and  Ash  of  Leaves, 
Indicating  Transport  with  the  Transpiration  Stream. — It 
has  been  tacitly  assumed  by  many  that  during  the  day, 
when  transpiration  is  taking  place  at  high  rates,  salts  are 
rapidly  carried  to  the  leaves  in  the  transpiration  stream, 
that  in  the  leaves  the  inorganic  ions  are  combined  with 
organic  substances,  and  the  resulting  compounds  are 
retransported  from  the  leaves  to  regions  of  utilization 
or  storage.  A  diurnal  fluctuation  in  nitrogen  and  ash 
contents  of  leaves  showing  high  contents  during  the  day 
and  diminished  amounts  at  night  would  tend  to  support 
this  assumption. 

Although  Chibnall  (1923)  and  Maskell  and  Mason 
(1929a)  give  data  which  they  claim  prove  an  appreciable 
diurnal  variation,  and  although  their  data  clearly  show 
statistically  significant  increases  during  the  day  and 
decreases  during  the  night,  they  do  not  positively  demon- 
strate an  absolute  diurnal  variation,  for  the  data  are 
expressed  as  variations  in  percentages  of  fresh  weight 
or  of  residual  dry  weight,  and  these  themselves  may  be 
variables.  A  gain  in  fresh  weight  at  night,  and  a  loss  in 
fresh  weight  during  the  day,  would  make  a  seeming  loss 
and  gain,  respectively,  in  nitrogen.  It  is  also  possible 
that  much  or  all  of  the  diurnal  variation  expressed  even 
on  the  residual  dry- weight  basis  may  be  merely  apparent. 
With  a  steady  gain  in  total  nitrogen  an  increase  in  residual 
dry  weight  at  night  might  appear  as  a  loss  in  nitrogen 
while  a  failure  to  gain  in  residual  dry  weight  during  the  day 
would  appear  as  a  gain  in  nitrogen.     Though  the  labile 
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dry  weight  of  the  tissues  studied  certainly  increases  during 
the  day,  it  is  very  possible  that  the  gain  in  residual  dry 
weight,  the  more  permanent  tissue,  takes  place  chiefly  at 
night.  Direct  experimental  data  on  this  point  are  lacking, 
yet  there  are  clear  indications  that  permanent  cell  enlarge- 
ment and  perhaps  nuclear  divisions,  occur  largely  at 
night.  Furthermore  since  the  residual  dry  weight  makes 
up  such  a  small  part  of  the  total  weight  of  the  plant,  slight 
fluctuations  in  its  amount  will  make  a  relatively  large 
fluctuation  of  the  nitrogen  content  when  expressed  as  a 
percentage  of  the  residual  dry  weight. 

Considerable  care  should  be  taken  before  drawing  con- 
clusions from  the  data  based  on  percentage.  Chibnall  is 
justified  in  pointing  out  the  fallacy  of  interpreting  changes 
in  nitrogen,  when  expressed  as  percentages  of  dry  weight, 
as  real  changes  in  nitrogen,  for  the  altered  percentages 
may  be  due  largely  to  changes  in  dry  matter  and  not  to 
changes  in  actual  nitrogen  content.  He  is  also  right  in 
suggesting  that  changes  in  percentages  of  water  content 
between  morning  and  night,  or  night  and  morning,  may 
be  due,  at  least  partly,  to  changes  in  dry  matter  content 
resulting  from  photosynthesis  or  translocation.  He  seems 
to  imply,  however,  as  have  also  others,  that  differences 
in  water  content  of  from  0.1  to  1  per  cent  or  thereabout,  if 
they  are  due  to  changes  in  actual  water  content,  introduce 
but  slight  errors  when  expressing  nitrogen  or  any  other 
constituent  on  a  fresh-weight  basis. 

In  comparing  methods  of  expressing  nitrogen,  A  as 
weight  of  nitrogen  per  unit  number  of  leaves,  B  as  nitrogen 
per  gram  dry  weight,  and  C  as  nitrogen  per  unit  fresh 
weight,  he  gives  the  following  data  obtained  with  plants  of 
Viciafaba  (Table  12).  All  the  leaves  from  12  plants  were 
picked. 

Using  these  same  data,  from  which  it  is  obvious  that  the 
leaves  contained  86.82  per  cent  water  and  13.18  per  cent 
dry  matter,  let  us  assume  two  samples  are  taken,  one  in 
the  morning  with  the  composition  indicated  above,  and  the 
other  the  evening  before  with  the  same  actual  total  dry 
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weight  and  nitrogen  contents;  that  during  the  night  enough 
water  had  been  absorbed  by  the  leaves  to  alter  the  per- 
centage water  content  from  85.82  to  86.82.  This  is  a  one 
per  cent  difference  which  is  seemingly  slight.  Actually, 
however,  to  bring  about  such  a  one  per  cent  difference  in 
water  content  by  absorption  of  water  alone,  100  g.  of 
fresh  leaves  must  have  absorbed  7.59  g.  of  water.  With 
no  actual  change  in  dry  matter  or  nitrogen  content,  there- 

Table  12. — Sampling  Errors  and  Methods  of  Expressing  Nitrogen 

IN  Leaves  of   Vicia  Faba 

{From  Chibnall) 


Wt.  of 
nitrogen 
per  100 

leaves, 
method  A 

Nitrogen 

percentage 

of  total 

dry  wt., 

method  B 

Nitrogen 

percentage 

of  total 

fresh  wt., 

method  C 

Mean 

Probable  error 

Percentage  error 

0.432 

±0.0195 

4.50 

5.71 

±0.036 

0.63 

0.753 

±0.0068 

0.91 

fore,  the  nitrogen,  which  formed  0.753  per  cent  of  fresh 
weight  in  the  morning,  would  have  formed  0.815  per  cent 
of  the  fresh  weight  the  evening  before.  Expressed  on  this 
fresh- weight  basis,  therefore,  7.6  per  cent  of  the  original 
nitrogen  would  seemingly  have  disappeared  over  night, 
and  this  apparent  change  is  all  due  to  the  slight  change  of 
only  1  per  cent  of  fresh  weight,  a  seemingly  insignificant 
figure.  Diurnal  differences  in  water  or  dry-matter  con- 
tents, when  expressed  as  percentages  of  fresh  weight,  are 
often  much  greater  than  1  per  cent. 

Chibnall  suggests  that  expressing  nitrogen  as  a  per- 
centage of  dry  weight  is  misleading,  with  which  I  agree; 
but  if  the  change  in  percentage  water  content  was  due 
solely  to  a  loss  of  dry  matter,  as  he  claims,  then  to  change 
the  water  content  from  85.82  to  86.82  per  cent  there  must 
have  been  a  loss  of  1.15  g.  of  dry  matter,  or  8.75  per  cent 
of  the   original  dry  matter.     (In  actual  experiments  he 
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estimated  a  loss  of  10  per  cent  of  the  dry  matter  over  night.) 
Expressing  nitrogen  as  a  percentage  of  dry  matter  this 
change  in  dry  matter  would  cause  a  seeming  gain  of 
nitrogen  from  a  content  of  5.25  per  cent  to  one  of  5.71 
per  cent,  an  apparent  gain  of  8.75  per  cent.  The  order  of 
error,  therefore,  under  the  assumptions  here  made,  seems 
about  the  same  whether  expressed  as  percentage  of  dry 
weight  or  of  fresh  weight,  if,  on  the  one  hand,  the  change 
is  due  to  dry  matter  loss  and  on  the  other  to  water  absorp- 
tion. If  expressed  as  a  percentage  of  fresh  weight,  and  the 
percentage  change  is  due  solely  to  loss  of  dry  matter,  which 
is  the  condition  assumed  by  Chibnall,  then  with  no  real 
change  in  nitrogen  the  loss  of  1.15  g.  of  dry  matter  would 
make  a  seeming  change  of  nitrogen  from  0.753  to  0.763 
per  cent,  a  seeming  gain  of  1.46  per  cent  over  the  orig- 
inal nitrogen.  If  the  change  in  the  dry-matter  content 
expressed  as  percentage  of  fresh  weight  is  partly  due  to 
water  absorption  and  partly  to  dry-matter  loss,  as  is  more 
likely,  the  change  in  nitrogen  content,  which  is  apparent 
and  not  real,  would  be  between  the  extremes  here  given, 
that  is  between  1.46  and  7.6  per  cent. 

Although  his  figures  show  a  high  percentage  error  by 
method  A,  and  low  percentage  errors  by  methods  B  and  C, 
there  would  be  no  systematic  error  due  to  lapse  of  time 
by  method  A,  whereas  changes  in  either  dry  weight  or 
fresh  weight  with  time  would  introduce  errors  into  both 
methods  B  and  C. 

Data  obtained  from  carefully  matched  leaves,  which 
Denny  has  called  the  ''twin  leaf"  method,  are  much  more 
dependable  for  determining  real  diurnal  variations.  By 
the  use  of  this  method  Denny  (1930)  found  no  indication 
of  a  significant  diurnal  variation  in  the  nitrogen  content 
of  Salvia  leaves.  Gouwentak  (1929)  by  the  half-leaf 
method  found  no  consistent  diurnal  variation  in  Helianthus. 
Although  the  method  is  superior  to  others  for  determining 
changes  in  absolute  amounts  of  water,  nitrogen,  ash,  etc., 
in  specific  organs  such  as  leaves  and  fruits,  it  is  obvious 
that  the  changes  may  not  be  strictly  normal.     Removing 
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every  other  leaf,  for  example,  will  alter  the  sugar  water,  and 
nitrogen  content  of  the  remaining  leaves. 

In  the  summer  of  1930  I  carried  out  a  rather  extensive 
series  of  tests  to  determine  if  there  were  diurnal  variations 
in  the  water,  nitrogen,  and  dry-matter  contents  of  leaves 
of  Ailanthus.  Eighteen  matched  pairs  of  vigorous  shoots 
of  Ailanthus  were  selected  for  the  experiments.  On  each 
shoot  six  leaves  were  tagged  and  numbered  in  order. 
No.  1  being  a  young  leaf  near  the  terminal  bud  which 
was  still  growing.  This  younger  leaf  had  not  reached  its 
maximum  size  nor  had  leaf  2.  Number  4  had  probably 
completely  ceased  growing.  Leaf  6,  though  the  oldest 
leaf  used  in  the  experiment,  was  not  the  oldest  on  the 
shoot,  but  was  still  well  colored  and  apparently  functional. 
Still  older  leaves  were  in  some  cases  becoming  yellow,  and 
in  a  few  instances  abscised  during  the  experiment.  Shoots 
1  and  2,  3  and  4,  5  and  6,  etc.,  were  matched  one  with 
the  other.  In  some  cases  they  were  forks  on  the  same 
saplings,  in  others  two  separate  stems,  although  these 
probably  arose  as  sprouts  from  the  same  root  system. 
Each  leaf  bore  from  15  to  20  pairs  of  well-matched  leaflets. 
One  half  of  the  leaflets  were  taken  at  the  beginning,  and 
the  second  half  at  the  end  of  each  12-hour  period.  Col- 
lections were  made  night  and  morning;  those  for  the  day 
period  were  harvested  at  7  a.m.  and  7  p.m.,  while  those 
for  the  night  period  were  harvested  at  7:30  p.m.  and  7:30 
A.M.  One  hundred  and  forty-four  samples  were  taken  in 
all,  so  that  there  were  72  sets,  36  showing  the  change  in 
composition  during  the  12-hour  period  during  the  day, 
and  36  for  the  12-hr.  night  period.  After  analyzing  72 
samples  it  became  evident  that,  though  there  were  distinct 
diurnal  variations  in  absolute  dry-matter  content  of  the 
leaflets,  there  were  no  consistent  changes  in  either  total 
water  or  total  nitrogen  content,  except  in  the  younger 
leaflets  which  were  not  mature.  It  is  to  be  noted  that 
these  younger  leaflets  which  were  still  growing  showed  a 
gain  in  fresh  weight  and  nitrogen  content  both  during 
the  day  and  during  the  night.     There  is  an  indication 
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of  a  loss  from  the  older  leaves,  but  the  changes  are  not 
statistically  significant.  The  data  are  presented  in  Table 
13.  Since  these  samples  were  taken  during  a  hot  dry 
period  when  conditions  were  favorable  for  rapid  transpira- 
tion, it  was  rather  surprising  to  find  so  little  variation 
in  water  content.  This  lack  of  variation  is  probably 
due  to  the  fact  that  the  samples  were  taken  just  before 
direct  sunlight  struck  the  leaves  in  the  morning,  and  shortly 
after  they  became  shaded  in  the  evening.  If  samples  had 
been  taken  at  midday  and  midnight  it  is  probable  the  water 
content  would  have  varied  more.*  Working  with  bean 
plants  supplied  with  nitrates  at  high  concentration,  Chang 
(1932)  has  found  diurnal  increases  in  the  leaves.  His 
findings  are  discussed  in  Sec.  14. 

Even  if  a  diurnal  variation  were  clearly  demonstrated, 
with  an  increase  of  nitrogen  or  ash  during  the  day  and  a 
decrease  at  night,  it  would  not  necessarily  follow  that  the 
increase  during  the  day  is  brought  about  by  increased 
transpiration  hastening  the  transport  of  nitrogen  into  the 
leaf.  A  formation  of  protein  during  the  day  would  tend 
to  steepen  the  diffusion  gradient  of  soluble  nitrogen  into 
the  leaf,  and  thus  cause  a  movement  bearing  no  relation 
to  the  transpiration  stream.  The  increased  protein  forma- 
tion would  be  expected  to  result  from  an  increased  supply 
of  carbohydrate  due  to  photosynthesis,  and  need  bear 
no  relation  to  any  assumed  or  real  influence  of  light  on 
protein  synthesis.  The  striking  influence  of  light  on  the 
ability  of  Nitella  cells  to  concentrate  halogens  in  the 
vacuolar  sap,  as  reported  by  Hoagland,  Hibbard,  and 
Davis  (1926),  points  to  light  effects  entirely  independent 
of  transpiration,  for  these  cells  were  submerged.  Brooks 
(1926)  has  reported  a  similar  effect  of  light  in  causing  cells 
of  Valonia,  a  submerged  marine  organism,  to  concentrate 
dibromophenol  indophenol. 

13.  Relation  of  Transpiration  to  Solute  Absorption  and 
Movement  in  Intact  Plants. — As  has  already  been  men- 

*  I  am  indebted  to  Dr.  H.  L.  Chance  for  making  the  tedious  nitrogen 
determinations. 
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tioned  in  the  introduction,  when  it  was  recognized  that 
plants  required  certain  inorganic  salts,  that  these  were 
necessarily  absorbed  from  the  soil,  that  the  soil  solution 
was  very  dilute,  that  most  land  plants  absorbed  large 
quantities  of  water  from  the  soil,  and  that  most  of  this 
water  evaporated  from  the  leaves;  it  seemed  perfectly 
logical  to  conclude  that  the  amount  of  water  lost  from  the 
leaves  would  determine  both  the  amount  of  solution  and 
therefore  salts  absorbed,  as  w^ell  as  the  distribution  after 
absorption.  In  more  recent  years,  however,  it  has  been 
recognized  that  passage  through  membranes  reduces  or 
precludes  the  possibility  of  mass  flow,  and  diffusion  there- 
fore predominates  over  mass  flow.  Under  such  conditions 
each  substance,  solvent  and  solute  alike,  diffuses  inde- 
pendently, and  the  movement  of  one  through  the  mem- 
branes may  have  no  effect  on  the  diffusion  of  the  other. 

A  number  of  investigators  have  experimentally  demon- 
strated that  there  is  no  direct  relation  between  water 
absorption  and  salt  absorption.  Among  these  are  Hassel- 
bring  (1914),  Muenscher  (1922),  Prat  (1923),  and  Hoagland 
(1923).  Experimental  evidence  is  therefore  accumulating 
which  shows  that  there  is  no  direct  relation  between 
water  absorption  and  salt  absorption.  Prat  (1923)  claims 
a  slight  positive  effect,  but  it  is  interesting  to  note  that 
in  those  cultures  having  high  transpiration  rates  and  a 
slightly  increased  salt  absorption,  his  data  show  the  external 
salt  solution  to  have  been  distinctly  increased  because  of 
the  decreased  volume  of  solution  which  resulted  from  the 
high  rate  of  transpiration.  It  is  highly  probable  that 
the  observed  increase  in  salt  absorption  was  due  to  this 
increased  external  salt  concentration  and  not  due  to  any 
effect  of  transpiration  toward  directly  absorbing  the 
external  solution,  nor  is  it  necessarily  due  to  an  increased 
transport  from  the  roots  to  the  leaves.  If  he  had  kept 
the  external  concentration  constant  this  effect  would 
probably  have  been  eliminated.  Muenscher  (1922)  and  a 
number  of  other  investigators  have  found  that  an  increased 
external    salt    contraction    will    increase    salt    absorption. 


72  TRANSLOCATION  IN  PLANTS 

That  transpiration  is  likely  to  influence  salt  absorption 
indirectly  through  its  effect  on  metabolism  and  growth 
is  without  doubt,  but  the  ultimate  effect  is  determined 
less  by  transpiration  and  more  by  the  effect  on  the  plant 
and  one  cannot  predict  whether  an  increase  in  transpiration 
will  increase  or  decrease  salt  absorption.  The  data  given 
by  Muenscher  clearly  indicate  that  the  methods  used  to 
alter  transpiration,  rather  than  differences  in  transpiration 
themselves,  are  chiefly  responsible  for  differences  in  ash 
contents. 

Most  of  the  investigators  who  have  studied  the  effects  of 
transpiration  on  ash  absorption  have  studied  the  effect  on 
total  ash  and  not  that  on  the  individual  constituents.  It 
is  highly  probable  that  different  constituents  will  be 
influenced  differently,  not,  however,  because  transpiration 
directly  influences  the  absorption  of  different  ions,  but 
because  it  is  likely  to  alter  metabolism  and  thus  alter  the 
proportion  of  ash  constituents.  The  differential  absorp- 
tion of  ions  would  probably  be  more  influenced  by  the 
factors  used  to  alter  transpiration  than  by  the  total  tran- 
spiration as  such.  For  example,  an  increase  in  transpira- 
tion brought  about  by  raising  the  temperature  would 
probably  have  a  different  effect  than  an  increase  brought 
about  by  low  humidity  or  by  increased  light  intensity. 
Schloesing  (1869)  claimed  that  high  transpiration  of 
tobacco  plants  in  the  open  increased  the  absorption  of 
inessential  elements,  while  relatively  greater  amounts  of 
essential  elements  were  absorbed  by  the  plants  in  the  humid 
chamber  with  low  transpiration.  His  data,  however,  show 
a  greater  quantity  of  four  of  the  essential  elements  in 
the  dry  chamber  and  only  three  in  the  humid  chamber. 
Though  considerable  emphasis  is  laid  upon  this  early  work 
of  Schloesing,  especially  in  a  number  of  textbooks  on  plant 
physiology,  notably  in  Palladin's  "Plant  Physiology" 
(1926),  it  should  be  remembered  that  the  leaves  of  only 
one  plant  were  analyzed  from  the  humid  chamber.  This 
one  plant  was  grown  in  the  humid  chamber  for  a  period 
of  30  days,  while  the  three  check  plants  were  grown  in 
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the  open  for  a  period  of  42  days.  The  plant  in  the  humid 
chamber,  with  a  volume  of  200  liters,  was  supplied  with 
a  constant  flow  of  500  liters  in  24  hours  of  air  containing 
some  hundredths  ("  quelques  centiemes")  of  carbon  dioxide, 
while  those  in  the  open  had  only  the  amount  normally 
present  in  the  air,  probably  not  over  0.03  per  cent.  He 
suggests  that  the  high  starch  content  in  the  humid  chamber 
was  due  to  its  accumulation,  because  metabolism  was 
checked  due  to  a  lack  of  nutrients,  and  the  nutrients  were 
low  because  transpiration  was  low.  It  seems  more  prob- 
able that  it  was  due  to  the  excess  carbon  dioxide,  and  had 
nothing  to  do  with  transpiration.  Furthermore  the  high 
silicon,  and  perhaps  also  the  high  chlorine,  of  the  plants 
in  the  open  may  have  been  due  to  the  dust  accumulating 
on  the  plants  in  the  open.  The  high  chlorine  might  also 
be  due  to  higher  light  intensity,  independent  of  transpira- 
tion for,  as  previously  mentioned,  Hoagland,  Hibbard,  and 
Davis  (1926)  observed  that  increased  light  intensity  greatly 
increased  the  ability  of  Nitella  cells  to  accumulate  chlorine 
and  other  halogens. 

The  available  evidence  indicates  rather  clearly  that 
nutrient  absorption  is  neither  determined  nor  directly 
influenced  by  water  absorption,  and  this  seems  to  be  at 
present  rather  generally  accepted  by  botanists.  That 
movement  after  absorption  is  influenced  and  determined 
by  transpiration  is,  however,  considered  as  an  established 
fact  by  many  botanists.  The  studies  on  the  influence  of 
transpiration  on  solute  absorption,  on  the  other  hand,  give 
fairly  strong  evidence  that  translocation  after  absorption 
does  not  take  place  in  the  transpiration  stream.  If  trans- 
location does  take  place  with  the  water  in  the  water-con- 
ducting tissues  and  the  rate  of  transport  were  determined 
by  the  rate  of  transpiration,  then  the  rate  of  removal  from 
the  absorbing  organs  should  be  determined  in  part  by  the 
rate  of  movement  of  the  transpiration  stream.  MacDougal 
(1925,  p.  28),  disagreeing  with  me  on  this  point,  states 
that  ''The  rate  at  which  ions  enter  the  root  and  cross  the 
endodermal  membrane  is  determined  by  their  own  ionic 
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mobility  and  by  the  colloidal  condition  of  the  membrane 
as  altered  by  the  action  of  other  ions  present  in  inter- 
ferences or  antagonisms,"  and  goes  on  to  say  that  the 
" transpirational  pull"  might  vary  widely  without  influenc- 
ing mineral  nutrient  absorption.  He  is  partly  correct  in 
stating  that  the  rate  of  ionic  movement  is  determined  by 
their  own  ionic  mobility  and  by  the  condition  of  the  mem- 
brane, but  he  seems  to  overlook  the  fact  that,  if  the  solutes 
move  across  membranes  abutting  on  the  water-conducting 
vessels — and  they  must  so  move  if  these  solutes  are  carried 
through  the  water-conducting  tissues  as  he  assumes — then 
their  concentration  on  the  vessel  side  of  the  membrane 
must  have  an  important  effect  on  the  rate  at  which  they 
move  across.  The  rate  of  water  movement  through  these 
vessels,  as  determined  by  the  rate  of  transpiration,  should 
therefore  directly  influence  the  rate  of  solute  movement 
away  from  the  absorbing  regions  and  thus,  in  turn,  the 
rate  of  absorption.  The  fact  that  the  rate  of  absorption 
is  not  determined  by  the  rate  of  transpiration  is  therefore 
clear  evidence  that  the  translocation  is  not  dependent  upon 
water  movement. 

Instead  of  finding  that  high  transpiration  decreases  the 
ash  content  of  the  roots  and  increases  that  of  the  tops,  as 
might  be  expected  on  the  assumption  that  nutrients  are 
translocated  in  the  transpiration  stream,  Muenscher  (1922) 
found  that,  when  transpiration  was  altered  by  Ught  and 
shade,  the  plants  with  high  transpiration  had  a  much 
higher  ash  content  of  the  roots  and  less  in  the  tops,  while 
those  with  low  transpiration  had  less  in  the  roots  and  more 
in  the  tops.  This  difference  was  very  marked  whether 
the  ash  contents  were  expressed  as  percentages  of  dry 
weight  or  fresh  weight  or  as  ratios  of  total  ash.  Differ- 
ences in  the  same  direction  but  less  marked  were  evident 
when  differences  in  transpiration  were  brought  about  by 
differences  in  humidity.  It  is  highly  probable,  as  previ- 
ously mentioned,  that  the  differences  in  ash  distribution  are 
not  directly  determined  by  transpiration  influencing  absorp- 
tion or  translocation,  but  indirectly  through  the  influence  of 
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transpiration,  or  the  means  used  to  alter  it,  on  some  other 
phase  of  metabolism  and  growth. 

Mason  and  Maskell  (1931,  p.  150)  have  suggested  that 
one  reason  there  is  little  relation  between  transpiration 
and  total  ash  content  is  that  the  salts  are  retransported 
from  the  leaves  to  the  roots  where  they  have  a  damping 
effect  on  further  absorption.  According  to  this  suggestion, 
therefore,  transpiration  would  merely  hasten  circulation 
within  the  plant  and  have  little  effect  on  total  absorption. 
Though  not  an  impossible  suggestion,  it  seems  rather 
forced  and  it  has  little  supporting  evidence.  If  it  were 
correct  one  could  expect  large  quantities  of  salts  to  be 
trapped  above  a  ring  (see  Sec.  10,  p.  57). 

Some  have  considered  that  a  certain  minimum  amount 
of  transpiration  is  sufficient  (this  is  implied  in  Livingston's 
editorial  footnote,  Palladin,  1926,  p.  150)  and  that,  since 
transpiration  has  not  been  completely  eliminated  in  any 
experiment,  this  minimum  may  ahvays  have  been  exceeded, 
and,  for  this  reason,  the  experiments  on  the  influence  of 
transpiration  on  salt  absorption  have  shown  no  direct 
relation  between  water  absorption  and  nutrient  absorption. 
A  very  striking  and  direct  relation  has  been  observed, 
however,  between  the  rate  of  absorption  and  conduction 
of  dyes  and  inorganic  salts  introduced  by  injection  or 
through  cut  stems  and  the  rate  of  transpiration.  Further- 
more, Birch-Hirschfeld  (1919)  found  such  conduction  in 
cut  stems  practically  to  cease  when  transpiration  was 
greatly  reduced.  The  suggestion  that  a  certain  minimum 
is  always  exceeded  therefore  seems  to  have  no  support. 

Though  these  studies  of  the  influence  of  transpiration 
on  salt  absorption  and  movement  in  intact  plants  could 
hardly  be  considered  as  offering  conclusive  proof  that 
salts  are  not  carried  in  the  transpiration  stream,  they  do 
distinctly  support  the  evidence  obtained  from  ringing  and 
xylem-cutting  experiments  and  cannot  be  criticized  on  the 
grounds  that  the  conducting  tissues  are  interfered  with. 

Haas  and  Reed  (1927),  on  the  other  hand,  have  pub- 
lished   data    which    they    think    demonstrate    a    distinct 
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influence  of  transpiration  on  the  movement  of  ash  into 
leaves  of  an  intact  plant.  They  found,  for  instance,  that 
immediately  following  a  period  of  hot  desiccating  winds, 
the  ash  content  of  the  uninjured  leaves  of  citrus  was 
higher  than  that  of  the  leaves  which  had  been  killed  by 
the  desiccation  and  therefore  supposedly  unaltered  with 
respect  to  ash.  The  data  they  offer,  however,  seem  far 
from  conclusive.  In  the  first  place  it  is  possible  that 
different  leaves  had  a  different  composition  to  begin  with, 
and  the  desiccating  winds  tended  to  kill  those  of  one 
composition,  those  which  had  low  total  ash,  low  calcium, 
high  potassium,  high  sulphate  and  high  phosphate,  while 
the  others  which  were  not  killed,  instead  of  changing  in 
composition  may  have  originally  had  a  different  composi- 
tion. In  the  second  place,  though  their  data  seem  to  show 
a  clear  increase  in  the  calcium  content  of  the  ash  and  a 
very  slight  increase  in  the  content  of  magnesium  and 
chlorine,  they  at  the  same  time  show  a  decrease  in  the 
potassium,  sulphate,  and  phosphate  content  of  the  ash, 
and  though  the  differences  were  not  great  they  are  of  the 
same  order  as  the  calcium  change  if  expressed  in  percentage 
of  the  original  contents. 

Though  the  wilted  leaves  10  days  after  regaining  turgor 
tend  to  have  an  ash  composition  more  nearly  like  that  of 
the  killed  leaves,  some  of  the  constituents  show  an  ash 
content  even  less  than  before  the  wilting.  Furthermore, 
since  the  ash  contents  are  expressed  in  terms  of  dry  weight 
only,  some  of  the  differences,  especially  the  gain  of  total 
ash  during  the  hot  dry  period  and  the  apparent  loss  of  ash 
after  recovery  of  turgor,  may  have  been  due,  respectively, 
to  an  effect  of  desiccation  and  heat  on  the  loss  of  dry  matter, 
and  an  effect  of  regained  turgor  and  lower  temperature 
upon  reformation  of  carbohydrates  in  the  leaves,  and  not 
to  any  effect  of  changed  transpiration  on  absolute  ash 
content.  It  seems  very  possible  that  high  temperature 
and  low  water  supply  might  reduce  the  carbohydrate 
content  by  decreasing  photosynthesis  and  increasing 
respiration,  thus  causing  an  apparent  temporary  increase 
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in  ash.  Maximov  (1929,  p.  241)  reports  an  instance  where 
there  was  a  loss  of  40  per  cent  of  the  dry  weight  of  leaves 
of  Impatiens  during  a  five-day  period  of  intense  wilting. 
He  also  states  that  Iljin  observed  a  decrease  of  15  to 
30  per  cent  in  absolute  dry  weight  of  wheat  plants  during 
an  excessively  dry  period.  If  a  plant  contained  3  per  cent 
nitrogen  or  ash  and  the  dry  weight  decreased  40  per  cent, 
the  percentage  of  nitrogen  or  ash  would  change  from  3  to 
5  per  cent,  an  apparent  increase  of  66.6  per  cent  in  spite 
of  the  fact  that  there  was  no  real  change  in  total  nitrogen 
or  ash. 

14.  Absorption  and  Transport  under  Special  Conditions. 
Although  much  of  the  evidence  points  strongly  toward 
little  or  no  direct  effect  of  transpiration  upon  absorption 
and  transport  of  mineral  salts,  it  can  be  easily  demonstrated 
that  under  special  conditions  the  rate  of  transpiration  may 
greatly  influence  both  absorption  and  transport.  When 
roots  are  supplied  with  toxic  solutions,  such  as  eosin  for 
example,  the  solute  is  absorbed  and  transported  in  the 
transpiration  stream.  In  fact  it  seems  probable  that 
experiments  with  toxic  dyes  of  this  sort  are  partly  respon- 
sible for  the  widespread  notion  that  transpiration  deter- 
mines absorption  and  transport  of  solutes. 

A  high  concentration  of  salts  which  are  not  usually 
considered  as  toxic  may  result  in  injury  to  the  absorbing 
tissues  and  thus  be  carried  with  the  transpiration  stream. 
Thus  the  addition  of  excess  sodium  chloride  to  the  soil 
will  sometimes  cause  distinct  "burning"  of  the  leaf  edges, 
or  death  of  entire  leaves  without  apparent  injury  to  the 
stems  or  the  lateral  or  terminal  buds.  It  seems  that  in 
these  cases  the  salt  has  been  carried  with  the  transpiration 
stream  to  the  leaves,  with  much  less  injury  to  other  tissues. 

Mr.  Maguire  has  brought  to  my  attention  the  fact  that 
plants  of  Galium  may  continue  to  grow  for  a  considerable 
period,  developing  flowers  and  fruits  long  after  the  lower 
part  of  the  stem  as  well  as  the  roots  seemed  dead.  When 
behaving  in  this  manner,  the  plants  were  growing  in  a  soil 
with  plenty  of  moisture.     When  severed  from  the   root 
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system  the  tops  promptly  wilted.  It  would  seem  that 
these  plants  were  making  considerable  growth  after  the 
roots  were  dead  and  were  absorbing  the  soil  solution  directly 
through  nonliving  tissues. 

I  have  found  that  bean  plants  are  able  to  develop  fairly 
well  and  remain  fresh  for  several  weeks,  and  even  mature 
pods,  after  the  main  stem  had  been  scalded  when  only  the 
first  pair  of  leaves  had  formed.  Although  the  roots  were 
not  examined,  they,  in  all  probability,  were  dead  while 
the  tops  were  still  fresh.  Chang  (1932)  found  that  leaves 
of  bean  plants  with  killed  roots  absorbed  more  nitrogen 
during  the  day  than  did  those  of  check  plants.  Kramer 
(1933)  has  found  that  roots  killed  by  heat  may  continue 
to  be  effective  in  absorbing  water,  for  the  plants  so  treated 
remained  alive  and  unwilted  for  several  days. 

It  would  be  of  interest  to  determine  the  influence  of 
transpiration  upon  salt  absorption  of  such  plants  with 
dead  roots.  One  could  expect  in  this  case  some  direct 
relation  between  the  amount  of  salts  absorbed  and  the 
amount  of  transpiration,  because  living  cells  with  high 
semipermeability  would  be  absent.  Any  treatment  tending 
to  injure  the  roots  or  increase  their  permeability  can  be 
expected  to  favor  more  direct  absorption  of  unaltered  soil 
solution,  or  bring  about  contamination  of  the  transpiration 
stream  with  the  leachings  from  weakened  cells.  Such 
injury  may  result  from  toxic  agents,  pathogens,  poor 
aeration,  or  starvation  of  the  roots  resulting  from  heavy 
defoliation  or  pruning  of  the  tops.  Strasburger  (1891, 
p.  865)  recognized  that  salts  which  do  not  readily  enter 
living  roots  will  enter  when  the  latter  are  killed. 

Even  in  plants  with  living  healthy  roots,  the  concentra- 
tion of  salts  in  the  soil  solution  could  be  expected  to  have 
an  influence  on  the  relative  amounts  transported  through 
the  xylem  and  phloem.  For  example,  with  a  low  amount 
of  available  nitrogen  in  the  soil,  one  would  expect  the  living 
cells  of  the  root  to  retain  that  absorbed,  and  perhaps 
synthesize  organic  nitrogen  compounds,  which  in  all  likeli- 
hood would  be  retained  by  the  living  cells  and  transported 


UPWARD  TRANSPORT  OF  NITROGEN  79 

chiefly  through  the  phloem.  The  work  of  Osterhout 
(1922),  Hoagland  (1923),  and  others  indicates  that  living 
cells  can  absorb  nitrate  and  other  ions  and  concentrate 
them  within  the  cells,  even  without  change  to  organic 
forms.  One  would  expect,  therefore,  that  if  nitrogen  were 
deficient,  the  living  cells  would  have  greater  ability  to 
retain  the  nitrate  and  prevent  it  passing  through  them 
into  the  xylem.  In  fact,  any  reaching  the  xylem  would, 
in  all  probability,  be  quickly  absorbed  by  the  neighboring 
living  cells.  If,  on  the  other  hand,  nitrates  or  other 
nutrients  are  in  excess  in  the  soil,  the  living  cells  of  the 
root  might  soon  have  their  accumulation  capacity  satisfied, 
in  which  case  they  could  not  prevent  the  excess  from  passing 
into  the  xylem  and  the  transpiration  stream.  There  seems 
little  doubt  that,  if  solutes  get  into  the  transpiration 
stream,  they  will  be  carried  with  it  unless  removed.  If 
certain  nutrients,  as  for  example  nitrogen  or  potassium, 
are  present  in  such  amounts  that  the  living  cells  of  the 
roots  are  in  a  sense  saturated,  there  seems  no  reason  why 
they  may  not  pass  into  the  transpiration  stream.  Here 
they  may  be  carried  to  the  leaves  or  may  be  removed  by 
the  living  cells  along  the  path  if  the  concentration  within 
the  cells  is  not  in  equilibrium  with  the  xylem  solution.* 

*  Professor  Hoagland  has  kindly  shown  me  some  of  his  findings  that  have 
not  yet  been  published.  These  suggest  a  very  different  interpretation.  His 
findings  indicate  that  when  roots  are  most  rapidly  accumulating  bromine  or 
potassium  against  a  diffusion  gradient,  they  are  at  the  same  time  secreting 
these  same  elements  into  the  xylem.  At  least  they  appear  in  the  guttation 
water  or  in  that  which  exudes  from  a  cut  stump  and  seems  to  come  from 
the  xylem.  Whether  this  is  an  active  secretion  from  healthy  cells  or  a 
release  of  solutes,  chiefly  inorganic,  from  maturing  cells  is  not  clear.  The 
latter  explanation  is  in  hne  with  the  suggestion  of  Priestley  (1920,  1929) 
that  maturing  xylem  cells  release  their  contents,  although  Priestley  suggests 
that  the  solutes  are  chiefly  organic.  The  large  amounts  obtained,  however, 
and  the  speed  of  release  to  the  xylem  would  seem  to  preclude  the  possi- 
bihty  of  their  all  having  been  released  from  maturing  or  dying  cells.  If 
active  secretion  is  established  the  suggestion  that  the  living  cells  of  the  root 
would  be  hkely  to  remove  certain  ions  from  the  xylem  and  thus  tend  to 
prevent  their  transport  with  the  water  is  unsound.  It  is  still  likely,  how- 
ever, that  living  cells  along  the  path  above  the  absorbing  roots  will  remove 
some  of  these  ions  from  the  xylem  water.  The  polar  secretion  of  ions,  how- 
ever, is  not  indicated  in  experiments  with  Nitella  (Hoagland,  1923;  Hoag- 
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Often  under  natural  conditions  these  elements,  nitrogen 
and  potassium,  are  deficient  in  the  soil.  Under  such  con- 
ditions one  might  expect  most  of  their  transport  to  take 
place  through  the  phloem.  Even  ions,  such  as  Ca++  or 
SO 4 — ,  that  seem  not  to  be  concentrated  in  living  cells, 
would  probably  not  be  carried  in  the  transpiration  stream 
because  protoplasm  is  so  highly  impermeable  to  them  that 
they  would  not  get  through  the  living  layers  into  the 
xylem,  unless  the  concentration  of  salts  is  so  high  as  to 
destroy  the  semipermeability  of  the  cells  or  they  are  injured 
in  some  other  manner.  Ions  or  compounds  to  which  cell 
membranes  are  highy  permeable  and  which  are  not  retained 
by  the  living  cells  might  then  be  rather  readily  carried  by 
the  transpiration  stream.  This  may  account  for  the  rapid 
transport  of  lithium  with  the  transpiration  stream.  This 
possibility,  that  under  one  set  of  conditions  the  transport 
of  a  given  element,  like  nitrogen,  may  take  place  chiefly 
through  the  phloem  and  under  another  chiefly  through  the 
xylem,  complicates  the  problem  greatly  and  may  easily 
lead  to  misinterpretations  and  contradictions. 

The  cotton  plants  used  by  Maskell  and  Mason  may  have 
been  growing  in  a  highly  fertile  soil  with  excess  nitrogen. 
The  heavy  pruning  of  the  plants,  by  the  removal  of  all  the 


land,  Hibbard,  and  Davis,  1926)  nor  with  potato  and  other  storage  tissues 
(Steward,  1932). 

If  salts  are  secreted  only  from  actively  growing  cells  or  come  from  matur- 
ing cells,  it  would  seem  that  most  actively  growing  roots  would  at  the  same 
time  release  the  greatest  amount  of  salt  to  the  xylem  water.  This  is  in 
agreement  with  observations  that  greater  root  pressures  are  associated  with 
conditions  favoring  more  active  growth  of  roots.  One  could  therefore 
expect  that  those  plants  which  show  most  active  guttation  or  bleeding  would 
also  carry  relatively  larger  amounts  of  salts  through  the  xylem.  In  this 
connection  it  is  worth  noting  that  Clements  (1930,  see  Table  11)  found 
a  very  much  greater  salt  movement  past  the  ring  on  grape  stems  than  on 
those  of  plum  or  raspberry.  The  copious  and  long-continued  exudation 
from  the  xylem  of  grape  is  well  known.  This  interpretation  would  also 
indicate  greater  salt  transport  through  the  xylem  of  rapidly  growing  her- 
baceous plants,  such  as  Cucurbita,  which  exhibit  vigorous  exudation,  while 
in  more  slowly  growing  woody  plants,  which  show  less  frequent  and  less 
active  root  exudation,  more  of  the  salts  may  be  transported  through  the 
phloem. 
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lower  branches  and  leaves  three  days  before  the  experiment 
began,  would  certainly  tend  toward  severe  starvation  of 
the  roots  and  would  thus  favor  leaching  of  nitrogen  into 
the  transpiration  stream.  This  would  be  especially  marked 
in  plants  with  ringed  stems.  This  special  set  of  conditions 
might,  therefore,  account  for  the  data  they  obtained. 
Such  a  condition  might  also  account  for  their  failure  to 
find  a  clear-cut  diffusion  gradient  for  any  particular  form 
of  nitrogen.  Much  of  the  nitrogen  may  have  been  moving 
through  the  xylem  for  the  reasons  stated  above.  Some 
may  have  been  moving  to  the  leaves  through  the  phloem 
or  xylem  before  being  converted  into  organic  forms. 
Some  may  have  been  absorbed  by  the  living  cells  along  the 
path  and  there  converted  into  organic  nitrogen.  Their 
assumption  that  all  synthesis  must  have  taken  place  in 
the  leaves  and  that  upward  transport  is  exclusively  through 
the  xylem  has  but  little  supporting  evidence. 

It  is  possible  that  herbaceous  or  annual  plants  carry 
relatively  more  of  their  mineral  nutrients  through  the 
xylem  than  do  woody  perennials.  I  have  found  strong 
tests  for  nitrates  in  the  sap  bleeding  from  stumps  of  Iresine 
plants,  yet  Thomas  (1927)  has  obtained  evidence  that  in 
apples  little  or  no  nitrate  is  present  in  the  xylem.  Wormall 
(1924)  also  found  but  little  in  the  sap  of  the  vine.  Eckerson 
(1924)  found  the  roots  or  stems  of  tomato  to  be  capable 
of  reducing  nitrates  to  organic  forms  which  might  be 
expected  to  be  carried  more  readily  in  the  phloem.  Mason 
and  Maskell  (1931,  p.  149),  however,  found  organic  nitrogen 
in  tracheal  sap  of  cotton  in  about  the  same  concentration 
as  inorganic  nitrogen,  and  Anderssen  (1929)  found  all  the 
nitrogen  in  the  sap  of  pear  stems  to  be  organic.  From 
this,  one  might  even  contend  that  nitrogen  is  transported 
upward  chiefly  as  organic  nitrogen  which  possibly  leaches 
into  the  transpiration  stream  more  readily  than  nitrate. 

In  all  of  my  experiments  on  the  effect  of  ringing  on 
nitrogen  and  ash  transport  I  have  worked  with  woody 
plants,  the  roots  of  which  are  perennial  and  at  all  times 
are   likely   to    contain    a   fair    supply    of    carbohydrates. 
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Furthermore,  with  but  few  exceptions  I  always  took  pre- 
cautions to  have  branches  and  leaves  below  rings  in  such 
positions  as  to  keep  the  roots  well  supplied  with  carbo- 
hydrates. Root  starvation,  therefore,  did  not  complicate 
matters. 

Chang  (1932)  has  carried  oui  an  extensive  series  of  experi- 
ments with  bean  plants,  and  his  findings  point  to  trans- 
port of  nitrogen  through  the  xylem  with  the  transpiration 
stream.  He  worked  with  large  numbers  of  plants  care- 
fully selected  for  uniformity  and,  by  selecting  carefully 
matched  plants  or  by  use  of  a  stamp  method,  was  able  to 
follow  changes  in  nitrogen  contents  on  an  absolute  basis, 
which  was  independent  of  changes  in  leaf  area,  water  con- 
tent, and  dry-matter  content. 

In  order  to  obtain  appreciable  changes  in  composition 
over  12-hour  periods  he  watered  the  plants,  which  were 
growing  in  a  sandy  soil,  with  Knop's  solution  of  four  times 
normal  strepgth.  Since  herbaceous  stems  could  not  easily 
be  ringed,  possible  transport  through  the  phloem  was 
stopped  by  scalding  the  stems  for  a  distance  of  about  5  mm. 
The  results  of  such  an  experiment,  showing  diurnal  changes 
in  normal  plants  as  well  as  those  in  plants  with  scalded 
stems,  are  presented  in  Table  14.  He  found  that  normal 
plants,  as  a  whole,  absorbed  more  nitrogen  during  the  day 
than  at  night;  the  growing  shoot  gained  during  both  the 
day  and  night,  but  slightly  more  in  the  day;  the  leaves 
gained  markedly  during  the  day  and  lost  nitrogen  at  night, 
while  the  roots  gained  most  at  night  and  much  less  or  not 
at  all  during  the  day.  His  data  clearly  demonstrate  a 
diurnal  fluctuation  in  the  nitrogen  content  of  leaves. 

It  is  clear  that  the  plants  with  scalded  stems  behave 
practically  the  same  as  normal  plants,  with  the  exception 
that  at  night  the  leaves  did  not  lose  nitrogen  and  the  shoots 
gained  slightly  more.  Though  the  difference  was  not 
statistically  significant,  it  was  apparent  in  all  four  sets  of 
experiments.  This  difference  is  probably  due  to  the  fact 
that  scalding  has  prevented  removal  from  leaves  to  the 
roots  and  that  starvation  of  the  roots  has  resulted  in  par- 
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tial  release  of  their  stored  nitrogen.  In  another  series, 
where  the  stamp  method  was  used  to  determine  true 
changes  and  where  the  growing  shoots  were  cut  off,  scald- 
ing the  stem  resulted  in  a  slightly  greater  gain  of  nitrogen 
in  the  leaves  during  the  day  and  less  loss  during  the  night. 
These  slight  differences  again  were  probably  due  to  the 
prevention  of  transport  to  the  roots,  and  to  the  greater 
release  from  starved  roots. 

Chang  also  determined  the  influence  of  killing  the  roots 
on  nitrogen  absorption  and  distribution.  The  roots  were 
killed  by  placing  the  pots  in  scalding  water  for  ten  minutes. 
Data  from  this  experiment  are  presented  in  Table  15. 
During  the  day  the  leaves  of  such  plants  absorbed  signi- 
ficantly more  nitrogen  than  did  those  of  check  plants. 
The  shoots  absorbed  sHghtly  more,  but  the  difference  was 
not  statistically  significant.  Taking  the  leaves  and  shoots 
together  the  differences  were  not  significant.  At  night 
the  leaves  of  the  root-killed  plants  lost  slightly  less  than 
the  normal  leaves,  but  the  difference  was  not  significant. 
It  would  seem  then  that  killing  the  roots  has  not  appreci- 
ably altered  the  absorption  or  movement  of  nitrogen  to 
the  tops. 

These  findings  of  Chang's  tend  to  support  those  of 
Maskell  and  Mason,  but  I  am  not  convinced  that  they 
represent  normal  behavior.  In  the  first  place,  in  order  to 
show  measurable  and  significant  changes  over  12-hour 
periods,  nitrate  was  added  at  concentrations  much  in 
excess  of  those  normally  found  in  soils.  As  pointed  out 
earlier  in  this  section,  high  concentrations  can  be  expected 
to  lead  to  unusual  leakage  into  the  xylem,  where  transpira- 
tion would  carry  it  to  the  leaves.  In  the  second  place, 
starvation  of  the  roots  would  tend  to  result  in  still  less 
retention  and  more  seepage  into  the  xylem.  As  seen  in 
Table  14,  the  roots  of  the  stem-scalded  plants  retained  less 
nitrogen,  although  the  tops  of  those  same  plants  actually 
absorbed  significantly  more  nitrogen  than  the  check  plants 
and  the  plant  as  a  whole,  including  the  roots,  actually  had 
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more    total    nitrogen,    although    the    difference    was    not 
statistically  significant. 

In  contrast  with  these  findings  of  Chang's,  ringing 
experiments  with  woody  plants  have  consistently  shown 
less  nitrogen  in  the  leaves  above  rings  than  in  normal 
stems.  This  was  evident  in  both  short-time  and  long- 
time experiments.  If  nitrogen  had  been  carried  in  the 
transpiration  stream,  one  would  expect  more  nitrogen  in 
the  leaves  of  ringed  stems,  because  the  ring  would  have  a 
trapping  effect,  preventing  export  from  the  leaves  above. 
The  fact  that  there  was  consistently  less  nitrogen  in  these 
leaves  would  indicate  but  slight  normal  transport  through 
the  xylem.  With  these  woody  plants,  although  nitrate  was 
in  some  cases  added  to  the  soil  about  the  plant,  undoubtedly 
the  amount  was  much  less  than  that  in  the  solution  about 
the  bean  roots.  Furthermore,  in  no  cases  were  the  woody 
plants  heavily  pruned  or  defoliated  and  in  no  cases  were 
the  rings  so  placed  as  to  prevent  an  adequate  supply  of 
carbohydrate  to  the  roots,  so  root  starvation  did  not  com- 
plicate matters. 

SUMMARY 

10.  Ringing  experiments  with  several  species  of  woody  plants  have  con- 
sistently shown  a  reduced  absorption  of  nitrogen  by  the  leaves  above  the 
ring,  as  compared  with  those  of  normal  stems.  This  has  been  true  both  if 
the  ring  is  made  early  in  the  season  before  shoot  growth  has  occurred  when 
the  ring  would  prevent  formation  of  new  xylem  in  the  region  of  ringing,  and 
when  the  ring  is  made  after  leaves  had  developed  and  the  current  year's 
xylem  is  mostly  formed.  When  the  experiment  is  so  arranged  as  to  equalize 
the  transpiration  streams  passing  through  defoliated  regions  isolated  by 
rings  and  those  not  so  isolated,  less  nitrogen  was  found  in  the  wood  and 
bark  of  those  stems  that  were  ringed  at  the  base  than  in  those  not  ringed. 
This  occurred  independently  of  whether  the  carbohydrate  content  was  high 
or  low.  In  practically  all  cases  some  nitrogen  and  minerals  were  found  to 
pass  rings  but  much  less  than  in  normal  stems. 

11.  Mason  and  Maskell,  working  with  cotton  have  consistently  found 
accumulation  of  nitrogen  and  ash  in  leaves  and  bark  above  rings  and 
diminished  amounts  below  rings.  This  contradictory  evidence  may  be  due 
to  the  fact  that  all  of  their  experiments  were  so  conducted  as  to  bring  about 
starvation  of  roots  and  release  of  nitrogen  to  the  transpiration  stream  by  all 
parts  below  the  ring. 

12.  Increase  of  nitrogen  in  leaves  during  the  day  and  decrease  at  night 
has  been  claimed  to  indicate  transport  to  the  leaves  in  the  transpiration 
stream.     It  is  pointed  out,  however,  that  diurnal  fluctuations  may  not  in 
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all  cases  be  real  but  merely  apparent  and  due  to  the  method  of  expressing 
composition.  Expressing  composition  changes  on  a  per  leaf  or  per  organ 
basis  seems  usually  preferable  for  determining  absolute  changes,  but  this 
method  has  its  disadvantages  in  tending  to  alter  to  a  greater  or  less  degree 
the  normal  changes.  Even  when  demonstrated  to  be  real,  an  increase  of 
nitrogen  in  leaves  during  the  day  as  compared  with  that  at  night  may  be 
due  to  the  increased  carbohydrate  or  to  hght  causing  greater  retention  and 
accumulation,  and  may  thus  be  entirely  independent  of  transpiration. 

13.  Evidence  of  recent  years  has  clearly  demonstrated  no  predictable 
relation  between  transpiration  and  salt  absorption.  It  is  commonly 
assumed,  however,  that  after  absorption,  salts  are  transported  in  the  trans- 
piration stream.  It  is  pointed  out  that  a  failure  to  obtain  increased  absorp- 
tion with  increased  transpiration  is  an  indication  that  salts  are  not  carried 
in  the  transpiration  stream  as  commonly  supposed.  Furthermore,  a  greater 
accumulation  of  salts  in  roots  with  less  in  the  tops  in  plants  under  higher 
transpiration  does  not  point  toward  transport  with  the  water.  It  is  proba- 
ble that  observed  differences  in  mineral  absorption  and  distribution  are 
not  directly  influenced  by  transpiration,  but  indirectly,  through  the  influence 
of  transpiration,  or  the  means  used  in  altering  it,  on  some  other  phases  of 
metabolism.  The  suggestion  that  salts  carried  down  to  the  roots  through 
the  phloem  tend  to  have  a  damping  effect  on  further  absorption,  and  that 
this  accounts  for  failure  of  transpiration  to  increase  absorption,  points 
toward  a  rapid  circulation  of  salts  in  the  plant.  The  failure  of  rings  to  trap 
large  quantities  of  salts  above  the  cut  phloem,  however,  strongly  negatives 
this  suggestion.  Certain  cases  of  reported  accumulation  of  salts  in  leaves 
under  conditions  of  hot  winds  are  discredited  on  the  grounds  that  the  changes 
were  expressed  as  percentages  of  dry  weight,  and  the  conditions  were  such 
as  to  cause  a  marked  change  in  dry  weight. 

14.  When  toxic  solutes  are  supplied  to  the  roots,  they  are  carried  with 
the  transpiration  stream,  probably  because  they  have  injured  the  proto- 
plasmic membranes  and  are  therefore  carried  more  directly  with  the  water. 
Living  cells  are  known  to  be  able  to  accumulate  certain  ions  against  a  con- 
centration gradient  if  the  external  concentration  is  weak.  It  would  seem, 
therefore,  that  such  ions  would  tend  to  be  absorbed  by  the  living  cells  of 
the  root  and  stem,  would  be  transported  in  them,  and  not  be  liberated  into 
the  transpiration  stream.  This  would  seem  especially  to  apply  to  nitrogen 
which  may  be  quickly  transformed  into  organic  compounds  in  these  tissues. 
On  the  other  hand,  if  these  salts  are  in  excess  so  that  the  accumulation 
capacity  of  the  living  cells  is  exceeded,  large  amounts  can  be  expected  to 
leach  into  the  water-conducting  tissues  and  be  there  transported.  Ringing 
in  such  a  fashion  as  to  starve  the  roots  will  tend  to  reduce  their  capacity  to 
accumulate  or  retain  the  nitrogen  and  ash  they  originally  held,  and  the 
effect  will  be  to  increase  leakage  into,  and  transport  through,  the  xylem. 
The  fact  that  under  conditions  of  root  starvation  or  excess  supply  in  the  soil, 
nitrogen  and  ash  constituents  may  be  carried  chiefly  in  the  transpiration 
stream,  while  under  more  normal  conditions  they  may  be  carried  chiefly 
through  the  phloem,  may  account  for  much  of  the  contradictory  evidence. 
Recent  experiments  with  herbaceous  plants  indicate  a  secretion  into  the 
xylem  by  actively  absorbing  roots.  This  is  contrary  to  the  suggestion  that 
living  root  cells  would  prevent  entrance  into  the  xylem. 


CHAPTER  IV 

EVIDENCE  INDICATING  DOWNWARD  TRANSPORT 
THROUGH  THE  XYLEM 

15.  Findings  and  Interpretations  of  Birch -Hirschf eld. — 

Anatomical  studies  and  experiments  on  ringing  since  the 
time  of  Malpighi  (1679)  and  Knight  (1801)  and  especially 
since  those  of  Hartig  (1858,  1861,  1862)  and  Hanstein 
(1860)  have  led  botanists  to  agree  that  downward  trans- 
location of  solutes  occurs  almost  exclusively  in  the  phloem 
tissues.  Luise  Birch-Hirschfeld  (1919)  seems  to  have 
been  the  first  seriously  to  question  the  validity  of  this 
conclusion.  Her  skepticism  with  regard  to  a  movement 
through  phloem  resulted  chiefly  from  experiments,  prin- 
cipally with  lithium  salts,  which  indicated  that  introduced 
solutes  moved  with  extreme  slowness  through  these  tissues. 
Strips  of  phloem  tissues  from  both  woody  and  herbaceous 
plants  were  dipped  into  solutions  of  lithium  nitrate,  mostly 
of  0.13  M  concentration,  and  it  was  found  by  spectro- 
scopic tests  that  the  lithium  had  moved  along  the  strips  a 
distance  of  only  1.5  to  2.5  cm.  in  24  hr.  This  rate  of 
movement  was  approximately  the  same  as  that  through 
unspecialized  parenchyma  tissue  as  found  in  potato,  kohl- 
rabi, rutabaga,  and  the  living  pith  from  Sambucus  and 
Sylphium.  Since  it  had  been  suggested  that  living  cells 
were  concerned  in  hastening  translocation,  she  studied  the 
effect  of  killing  the  tissue  but  found  that  the  distance 
lithium  moved  in  a  given  time,  instead  of  being  decreased, 
was  increased  about  a  third  when  the  tissues  were  killed 
by  boiling.  This  increased  movement  was  probably  due 
in  part  to  decreased  resistance  to  diffusion  in  dead  tissues 
and  in  part,  as  demonstrated  by  the  experiments  of  Steward 
(1930),  to  driving  out  gases  from  the  intercellular  spaces 
and  thus  increasing  the  area  for  diffusion.     Since  it  had 
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been  suggested  by  Pfeffer  (1900,  Vol.  1,  p.  589)  that  the 
bending  movements  of  stems  might  aid  in  translocation, 
she  studied  the  effects  of  bending  and  twisting  and  other- 
wise manipulating  strips  of  phloem  from  Cornus  alba  and 
Liguster  amurense.  The  treatments,  however,  had  no 
tendency  to  hasten  movement.  Further  attempts  were 
made  to  increase  the  movement  by  causing  evaporation 
from  the  exposed  ends  of  the  strips  of  phloem  or  paren- 
chyma, the  lower  ends  of  which  were  dipping  into  the  salt 
solution,  but  here  also  there  was  no  increase  in  rate  of  move- 
ment over  that  in  completely  turgid  tissues  which  were 
kept  well  moistened. 

Experiments  were  also  tried  in  which  the  phloem  was 
separated  from  the  xylem  for  a  distance  of  from  6  to  25  cm. 
but  with  one  or  both  ends  left  attached  to  the  xylem. 
"Plastilina"  was  placed  between  the  xylem  and  the  sepa- 
rated phloem  tissue  so  that  cross  transfer  could  not  take 
place.  The  phloem  thus  isolated  was  kept  from  drying  by 
encasing  the  entire  stem  in  glass  cylinders  with  moist  filter 
paper.  Both  cut  branches  and  rooted  plants  were  used, 
but  in  all  instances  the  lithium  solution  was  introduced 
through  the  cut  end  of  the  stem  or  a  cut  side  branch. 
Leaves  were  present  both  above  and  below  the  region  where 
the  phloem  was  separated  from  the  xylem.  Though  within 
from  three  quarters  of  an  hour  to  an  hour,  lithium  had 
moved  through  the  xylem  to  the  farthest  tips  of  the  plant 
and  quickly  passed  over  into  the  phloem  from  the  xylem, 
the  longitudinal  movement  through  the  phloem,  where 
it  was  separated  from  the  xylem,  was  extremely  slow. 
After  from  20  to  26  hr.  the  lithium  had  spread  longitudi- 
nally through  the  phloem  either  from  above  or  below  a 
distance  of  only  1.5  to  5.0  cm.  In  one  instance  it  seemed 
to  have  moved  15  cm.,  but  this  she  considered  an  exception 
and  marked  it  with  a  question  mark.  In  comparable 
experiments  with  several  twigs  in  which  the  phloem  was 
connected  at  one  end  only,  the  lithium  was  found  to  have 
moved  through  the  phloem  for  distances  of  only  2.0  to 
3.8  cm.  in  40  to  50  hr.     In  rooted  plants  of  Cornus  alba 
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and  Prunus  padus,  in  which  lithium  nitrate  was  introduced 
through  a  small  side  twig  which  was  cut  off,  or  through  a 
cut  petiole,  it  was  found  that,  though  lithium  had  pene- 
trated throughout  the  transpiring  shoots  within  a  few 
hours  where  the  phloem  had  not  been  separated  from  the 
wood,  it  had,  even  after  3  days,  moved  a  distance  of  only 
3  to  4  cm.  into  the  phloem  where  this  was  separated  from 
the  xylem. 

Other  attempts  were  made  to  force  solution  through  the 
phloem  tissues  by  dipping  strips  of  phloem  attached  to 
the  base  of  leafy  shoots  into  solutions  of  lithium  nitrate, 
but  in  from  25  to  30  hr.  the  lithium  had  moved  a  distance 
of  only  2  to  3  cm.  There  was  little  difference  in  movement 
between  those  from  which  there  was  rapid  transpiration 
and  those  with  slow  transpiration,  in  fact  the  latter  showed 
slightly  greater  movement.  When  pieces  of  xylem  were 
cut  out  and  the  exposed  phloem  was  protected  from  drying 
by  enclosing  in  a  glass  tube  closed  with  ''plastilina," 
lithium  did  not  pass  the  operated  region  if  the  length  of 
xylem  removed  exceeded  about  2  cm.  With  2  cm.  of 
xylem  removed  some  diffused  through  the  phloem  and 
was  carried  above  for  8  to  15  cm.  after  20  to  32  hr.  The 
leaves  in  these  cases  became  wilted.  The  movement  here 
seemed,  however,  to  take  place  through  the  xylem  for  in 
other  experiments  in  which  crystals  of  the  salt  or  a  strong 
lithium  nitrate  solution  (1  M)  were  not  introduced  into 
cut  xylem  but  were  placed  on  a  leaf  or  on  the  cortex  of  the 
stem,  from  which  the  epidermis  and  periderm  were  removed, 
the  inward  moving  lithium  traveled  only  1  to  2  cm.  if 
transpiration  was  prevented  but  extended  10  to  40  cm. 
when  transpiration  was  not  prevented. 

Experiments  were  also  carried  out  to  determine  the 
ability  of  phloem  tissues  to  absorb  water  and  solutions. 
These  showed  that  the  amount  of  water  absorbed  through 
the  phloem  was  only  one  two-thousandths  to  one  one-thou- 
sandth that  absorbed  through  the  xylem. 

All  of  these  experiments  led  her  to  conclude  that  trans- 
location through  the  phloem  is  extremely  slow,  whereas 
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movement  through  the  xylem  tissues  is  immensely  more 
rapid.  That  water  and  solutions  can  be  rapidly  carried 
not  only  upward  through  the  xylem  but  also  backward 
through  these  same  water  conducting  tissues  has  been 
recognized  for  a  long  time  and  was  reported  by  Hales 
(1727),  Strasburger  (1891,  pp.  582  and  936),  and  others. 
That  this  backward  movement  may  be  considerable  was 
clearly  indicated  in  the  experiments  of  Yendo  (1917). 
Birch-Hirschfeld,  however,  seems  to  have  been  the  first 
among  modern  botanists*  to  suggest  that  there  may  be  a 
normal  backward  flow  through  the  xylem  and  that  it  may 
account  in  part  at  least  for  the  backward  translocation  of 
dissolved  materials. 

To  test  the  frequency,  extent,  and  speed  of  the  backward 
movement  and  the  factors  influencing  it,  she  carried  out 
various  experiments  using  principally  lithium  nitrate  which 
was  introduced  through  cut  side  twigs,  or  even  in  a  few 
instances  through  uncut  tissues,  by  dipping  leaves  into 
lithium  solutions,  or  placing  drops  of  strong  solutions  on 
the  surfaces  of  leaves  with  thin  cuticle,  or  by  placing  small 
crystals  of  the  salt  between  the  bark  and  the  wood. 

The  experiments  were  carried  out  under  a  variety  of 
conditions.  In  some  the  leaves  were  present  both  below 
and  above  the  point  of  introduction.  In  these,  even  when 
cut  branches  were  used  and  the  base  immersed  in  water, 
the  lithium  reaction  was  apparent  in  23^^  to  8  hr.  at  a 
distance  of  10  to  16  cm.  below  the  point  of  introduction, 
and  chiefly  on  the  side  where  the  solution  was  introduced 
through  a  cut  side  twig.  For  this  experiment  a  rather 
strong  solution  (0.5M)  was  supplied.  In  one  experiment 
with  two  leafy  shoots  of  Liguster  amurense,  drops  of  0.75ilf 
lithium  nitrate  solution  were  placed  on  the  surface  of  a 
leaf  near  the  middle  of  a  side  twig.  The  cut  shoots  were 
standing  in  water,  one  free  in  a  room  and  the  other  in  a 
moist  chamber.  For  the  twig  in  the  moist  chamber  in 
which  the  side  twig  was  8  cm.  long,  the  lithium  reaction 

*  At  the  time  of  Hales  and  other  early  investigators  there  was  speculation 
concerning  the  flow  and  ebb  of  sap  through  the  wood. 
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was  evident  after  8  hr.  at  a  distance  of  13  cm.  above  the 
side  twig  and  15  cm.  below  it.  In  the  same  time  the  shoot 
free  in  the  room  whose  side  twig  was  11  cm.  long  showed 
lithium  had  moved  up  into  the  tip  of  the  main  shoot  and 
backward  a  distance  of  8  cm.  A  similar  backward  spread 
took  place  when  solutions  were  injected  through  cuts  into 
the  stems  of  rooted  plants.  If  transpiration  was  vigorous, 
the  spread  was  at  times  more  extensive  in  these  rooted 
plants. 

If  leaves  were  absent  below  the  point  of  injection,  the 
backward  movement  of  lithium  was  very  slight,  only  a 
centimeter  or  two  in  20  hr.  if  the  base  of  the  cut  twig  stood 
in  water,  but  if  it  did  not  dip  in  water,  lithium  was  found 
to  have  moved  backward  to  the  cut  surface,  a  distance  of 
15  to  27  cm.  in  20  hr. 

Many  experiments  were  described  in  detail  in  which  the 
backward  spread  of  lithium  nitrate  and  eosin  solutions 
were  studied  in  relation  to  the  effects  of  factors  influencing 
the  rate  and  extent  of  the  backward  flow,  the  extent  of 
tangential  spread,  the  relation  of  movement  to  method  of 
introduction,  etc. 

In  order  to  determine  whether  the  phloem  tissues  were 
adequate  in  carrying  foods,  she  compared  the  observed 
rates  of  movement  of  lithium  and  eosin  through  phloem 
tissues  with  the  probable  rates  at  which  products  of  assimi- 
lation must  be  carried  from  the  leaves.  Assuming  that 
carbohydrate  is  manufactured  by  photosynthesis  at  the 
rate  of  0.5  g.  per  square  meter  per  hour  for  10  hr.  during 
the  day,  and  that  the  whole  of  this  is  transported  within 
24  hr.  she  estimated  that  carbohydrate  might  be  expected 
to  be  removed  from  the  leaf  at  the  rate  of  0.28  g.  per  hour 
(actually  this  figure  should  have  been  0.208,  but  this  mistake 
is  not  important  for  she  might  as  well  have  assumed  a 
higher  rate  of  photosynthesis).  The  area  of  a  bean  leaf 
was  determined  as  was  also  the  area  of  the  cross  section 
of  a  petiole  and  that  of  the  sieve  tubes  of  the  petiole. 
Using  the  above  figures,  she  calculated  that,  from  the 
particular  leaf  in  question,  carbohydrates  would  be  removed 
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at  the  rate  of  0.003  g.  per  hour,  or  a  movement  of  0.0007  g. 
per  hour  per  square  milUmeter  of  cross  section  of  entire 
petiole,  0.0008  g.  per  square  milUmeter  of  cross  section  of 
the  vessels,  or  0.006  g.  per  square  millimeter  of  cross  section 
of  sieve  tube.  She  calculated  the  rate  at  which  lithium 
moved  into  parenchyma  or  phloem  tissues  from  a  1  per  cent 
solution  and  found  after  20  hr.  that  this  was  only  about 
0.000005  g.  per  square  millimeter  per  hour,  or  only  about 
one-hundred-sixtieth  as  fast  as  the  sugars  actually  seem 
to  move,  assuming  the  movement  through  the  entire  living 
part  of  the  petiole,  or  only  one-thousandth  as  fast  as  it 
should  move  if  the  movement  is  restricted  to  movement 
through  the  sieve  tubes.  She  points  out  that  sugars  could 
hardly  be  expected  to  diffuse  even  as  rapidly  or  penetrate 
the  cells  as  easily  as  lithium  nitrate,  therefore  it  seems 
impossible  that  these  phloem  tissues  could  carry  solutes 
fast  enough.  Measurements  of  water  movement  through 
phloem  tissues  also  showed  extremely  low  rates  and  if 
solutions  as  strong  as  10  to  20  per  cent  sugar,  or  even  if 
sugar  moved  as  fast  as  water  alone,  gram  for  gram,  the 
mass  movement  of  sugar  would  be  too  slow  by  more 
than  a  hundred  times. 

All  the  experiments  on  the  transfer  of  introduced  dyes 
or  salts  indicated  without  exception  that  the  transfer  of 
these  solutes  through  the  phloem  or  other  living  tissues 
is  extremely  slow,  whereas  the  transfer  through  the  xylem 
vessels  is  immensely  more  rapid  and  very  easily  demon- 
strated. Rapid  transfer  of  solutions  within  the  xylem 
tissues  takes  place  readily  not  only  from  the  base  toward 
the  transpiring  leaves,  but  a  backward  flow  is  also  easily 
demonstrated  if  solutions  are  introduced  through  cut  side 
branches  or  incisions.  (See  also  Yendo,  1917;  Rumbold, 
1920;  and  others  who  observed  flow  in  both  directions.) 
Such  a  backward  movement  occurs  even  when  leaves  are 
entirely  absent  below  the  point  of  injection.  Since  injected 
dyes  move  vertically  through  the  xylem  and  transverse 
movement  is  very  slight,  as  pointed  out  by  Strasburger 
and  as  shown  by  her  own  experiments,  it  seemed  to  Birch- 
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Hirschfeld  that  solutions  may  be  moving  up  through  certain 
channels  of  the  xylem  and  down  through  adjacent  ones, 
and  she  suggested  that  backward  movement  of  solutions 
might  thus  carry  sugar  from  the  leaves.  The  fact  that 
injected  dyes  were  carried  back  in  transpiring  shoots,  even 
when  the  plant  was  well  supplied  with  water,  seemed  to 
favor  this  interpretation.  She  suggests  that  under  natural 
conditions  the  wetting  of  the  leaves  with  dew  or  rain  might 
allow  for  an  extensive  backward  flow,  or  that  unequal 
insolation  of  neighboring  parts  might  also  bring  about 
considerable  back  flow. 

Though  Madam  Birch-Hirschfeld's  experiments  led  her 
to  doubt  the  effectiveness  of  the  phloem  or  other  living 
cells  in  the  transport  of  solutes,  and  though  she  definitely 
suggested  the  possibility  and  gave  experimental  evidence 
supporting  the  hypothesis  of  a  backward  flow  through  the 
xylem,  still  she  felt  that  the  problem  was  far  from  settled 
and  suggested  that  living  cells  might  transport  the  normally 
moving  substances  in  a  manner  different  from  that  in  which 
lithium  nitrate  is  transported. 

16.  Findings  and  Interpretations  of  Dixon  and  His 
Co-workers. — Dixon,  in  1922,  and  Dixon  and  Ball  (1922) 
more  boldly  supported  the  hypothesis  that  the  xylem  is 
the  channel  through  which  most  of  the  backward  movement 
of  solutes  takes  place.  All  evidence  based  on  ringing 
experiments  is  summarily  dismissed  on  the  grounds  that 
ringing  always  results  in  some  sort  of  plugging  of  the 
xylem.  The  strongest  plea  against  a  consideration  of 
the  phloem  as  a  channel  for  backward  transfer  is  that  the 
phloem  must  be  inadequate  for  carrying  the  amount  that 
is  carried,  because  the  narrowness  of  the  tubes,  their  high 
colloid  content,  and  frequent  cross  walls  seem  to  preclude 
the  possibility  of  rapid  transfer  through  them.  In  order 
to  estimate  the  probable  rate  of  normal  transfer,  Dixon 
selected  a  potato  tuber  weighing  210  g.  connected  by  a 
stolon  with  a  diameter  of  0.16  cm.,  in  which  the  ''bast" 
had  a  maximum  cross-sectional  area  of  0.0042  sq.  cm. 
The  tuber  contained  at  least  50  g.  of  organic  matter  and 
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this  must  have  been  transported  through  the  stolon  in  less 
than  100  days.  Assuming  that  the  solution  moving 
through  the  phloem  had  a  concentration  of  10  per  cent 
sugar,  the  volume  moving  into  the  tuber  must  have  been 
500  cc.  to  carry  the  50  g.  of  sugar.  Therefore  the  rate  of 
flow  must  have  been  at  an  average  of  about  50  cm.  per 
hour  if  the  entire  cross-sectional  area  were  available  for 
transfer  or  twice  this  amount  if  allowance  is  made  for 
a  returning  stream.  This,  however,  seems  impossible 
because  one  can  hardly  conceive  of  this  amount  of  solution 
being  forced  through  the  narrow  sieve  tubes  with  their 
frequent  cross  walls  and  high  colloid  content.  Dixon 
assumed  a  solution  of  10  per  cent  but  says  this  is  excessive 
because  the  sap  bleeding  from  cut  stems  seems  never  to 
reach  4  per  cent  (see  also  Dixon  1924).  As  high  as  8  per 
cent  has  been  reported  in  the  sap  from  the  maple  by  Jones 
et  al.  (1903),  and,  of  course,  one  is  not  justified  in  assuming 
that  the  solution  bleeding  from  the  xylem  has  the  same 
concentration  as  that  in  the  sieve  tubes.  The  figures 
assumed  for  the  amount  of  organic  matter  transported 
and  the  time  allowed  for  transportation,  as  well  as  the 
assumed  concentrations  are  sufficiently  liberal,  however, 
to  indicate  that  minor  corrections  could  not  appreciably 
change  the  conclusion. 

Dixon  (1922)  claims  to  have  been  the  first  to  have  made 
such  calculations  on  the  rates  of  transport  and  this  point 
is  again  mentioned  by  Mason  and  Maskell  (1928a),  but 
Dixon  evidently  failed  to  read  all  of  Birch-Hirschfeld's 
paper,  even  though  he  cites  her  experimental  evidence 
as  strongly  supporting  his  hypothesis,  for  she  made  very 
similar  calculations  based  on  the  relation  between  the 
amount  of  photosynthate  made  in  a  given  leaf  area  and 
the  cross-sectional  area  of  the  phloem  of  the  petiole  through 
which  such  carbohydrate  must  be  transported. 

Dixon  also  estimates  the  probable  amount  of  daily 
removal  of  photosynthate  from  the  leaf  of  Tropaeolum 
ma  jus  making  calculations  very  similar  to  those  of  Birch- 
Hirschfeld,  and  concludes  that  if  two-thirds  of  the  photo- 
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synthate  made  within  a  leaf  during  the  day  is  moved  from 
the  leaf  each  24  hr.,  a  10  per  cent  solution  would  have  to 
move  at  the  rate  of  140  cm.  per  hour  if  restricted  to  a  tube 
the  size  of  the  cross-sectional  area  of  the  phloem.     (He  made 
an  error  in  his  calculations  so  that  the  figure  should  be  14  cm. 
not  140  cm.,  but  even  this  lower  figure  seems  impossible.) 
Still  more  accurate  calculations  were  made  by  Mason 
and  Lewin   (1926).     They  made  accurate  determinations 
of  the  rate  of  increase  in  dry  weight  of  the  greater  yam 
and  found  that  between  the  thirty-first  and  thirty-fifth 
weeks  the  average  weekly  increase  of  dry  weight  of  tuber 
per  stem  was  over  45  g.     Since  95  per  cent  of  the  material 
was  combustible,  42.7  g.  of  organic  material  must  have 
been    transported    each    week    through    the    stem.     The 
average  total  cross-sectional  area  of  sieve  tubes  and  vessels 
per  stem  was  0.05747  +  0.0019  sq.  cm.     Of  this  the  sieve 
tubes  occupied  less  than  20  per  cent,  or  0.0115  sq.  cm. 
Then  making  the  very  liberal  assumption  that  a  25  per  cent 
sugar  solution  was  being  carried  through  the  sieve  tubes, 
this  would  have  to  move  at  an  average  velocity  of  88  cm. 
per  hour  in  order  to  carry  the  solutes  at  the  rate  they  were 
carried.     A  movement  at  this  rate  seems  of  course  impos- 
sible.    The  writers  are  not  justified,  however,  in  assuming 
that  translocation  is  limited  to  sieve  tubes  only,  for  it  is 
possible  that  all  of  the  elongated  living  cells  when  in  con- 
tinuous series  act  as  conducting  cells.     It  is  possible  that 
by  sieve  tubes  they  mean  entire  phloem.     In  some  plants 
the  phloem  consists  largely  of  sieve  tubes  with  companion 
cells,  whereas  in  other  plants  the  proportion  of  sieve  tubes 
is  very  low.     What  the  condition  is  in  the  yam  used  by 
Mason  and  Lewin  I  do  not  know,  and  they  give  no  indi- 
cation as  to  how  much  of  the  phloem  consists  of  sieve  tubes. 
Yet  even  if  the  entire  cross  section  of  the  Hving  part  of  the 
stem  is  assumed  to  carry  sugar,  it  seems  difficult  to  see 
how  materials  are  carried  so  rapidly  (see  Sec.  34  for  other 
calculations  of  rates). 

The  seeming  inadequacy  of  the  phloem  as  a  conducting 
tissue  and  the  ease  and  rapidity  with  which  solutions  can 
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be  forced  through  the  xylem  led  Dixon  and  his  co-workers 
to  conclude  that  Birch-Hirschfeld's  suggestion  of  backward 
flow  through  the  xylem  was  more  satisfactory  than  the 
commonly  accepted  one  that  the  phloem  is  the  channel  of 
backward  movement. 

Dixon  and  Ball  (1922)  give  additional  experimental 
evidence  that  the  xylem  may  carry  solutes  backward. 
They  carefully  dug  a  large  potato  plant,  and  before  any 
wilting  became  visible  cut  off  the  apex  of  a  leaf  under 
an  eosin  solution.  Within  an  hour  the  veins  of  all  leaves 
as  well  as  the  stems  and  roots  were  stained,  while  the  tuber 
also,  when  sectioned  the  next  day,  showed  staining.  The 
dye  was  carried  exclusively  through  the  vessels  of  the  xylem. 
The  following  quotation  from  Dixon  (1922)  gives  added 
evidence  for  a  possible  backward  flow. 

Another  very  striking  experiment  may  be  carried  out  with  the 
imparipinnate  leaf  of  Saynbucus  nigra.  Its  petiole  is  spht  longitudinally 
for  a  few  centimeters  and  half  removed.  The  remaining  half  is  set  in 
a  solution  of  eosin.  The  solution  is  rapidly  drawn  up  the  wood  capil- 
laries of  the  intact  half-petiole  and  soon  appears  in  the  veins  of  the 
pinnae  on  the  same  side  of  the  leaf,  beginning  with  the  lowest,  and 
gradually  working  up  into  the  upper  ones.  Finally  it  appears  in  the 
terminal  pinna.  All  this  while  the  veins  of  the  pinnae  on  the  other 
side  remain  uncoloured.  Now,  however,  the  eosin  begins  to  debouch 
into  the  base  of  the  uppermost  of  these  pinnae  and  spreads  through  its 
veins ;  finally  it  makes  its  way  down  the  offside  of  the  rachis  to  the  bases 
of  the  lower  pinnae,  and  from  thence  spreads  into  their  veins.  In 
this  case  we  see  very  clearly  how  transpiration  actuates  an  upward 
current  on  one  side  and  a  downward  current  on  the  other.  It  is  inter- 
esting to  note  that  if  the  terminal  pinna  and  its  stalk  are  removed,  the 
eosin  does  not  appear  in  the  pinna  of  the  second  side,  or  only  after  a 
considerable  time  when  the  small  anastomosing  conducting  tracts  are 
utilised. 

For  evidence  that  normally  occurring  solutes  may  be 
carried  backward  in  uncut  stems,  Dixon  appeals  to  the 
backward  conduction  of  a  stimulus,  such  as  that  in  Mimosa 
causing  the  folding  of  pinnules.  Evidence  has  been  given 
that  the  transference  of  the  stimulus  is  due  to  the  transport 
of  something  of  the  nature  of  a  hormone  which  is  carried 
in  the  transpiration  stream.     That  this  substance  is  carried 
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in  the  transpiration  stream  is  indicated  by  the  fact  that 
it  moves  most  rapidly  toward  those  leaves  that  transpire 
most  rapidly,  and  that  it  can  pass  a  ringed  or  dead  part 
of  the  stem  or  even  through  a  connecting  tube  or  through 
a  block  of  gelatin.  The  fact  that  the  stimulus  may  be 
carried  in  a  basal  direction  is  cited  as  proof  that  the  water 
current  also  is  often  carried  backward.  Snow  (1924,  1925), 
however,  has  given  evidence  that  the  response  to  a  stimulus 
is  not  always  due  to  the  transport  of  a  dissolved  substance 
and  it  is  possible  that  the  backward  transfer  is  transmissive 
and  is  not  due  to  the  movement  of  a  substance.  Even  if 
the  transfer  of  a  stimulus  were  demonstrated  to  be  due 
invariably  to  the  movement  of  something  in  the  transpira- 
tion stream,  this  is  not  satisfactory  evidence  that  normal 
solutes,  sugars,  proteins,  and  salts  from  the  soil  solution 
are  carried  in  the  transpiration  stream  either  upward  or 
downward.  Furthermore,  Dixon  claims  that  ringing  or 
killing  the  stem  does  not  interfere  with  the  transport  of 
this  hormone,  whereas  there  is  abundant  evidence  that 
ringing  or  killing  does  most  decidedly  interfere  with  the 
movement  of  these  normal  solutes. 

For  conditions  that  may  be  considered  normally  to  bring 
about  a  backward  flow  through  the  vessels,  he  mentioned 
the  same  ones  that  Birch-Hirschfeld  suggested,  that  is, 
rain,  dew,  and  unequal  insolation.*  He  also  suggested 
that  the  changes  in  volume  that  have  been  observed  in 
leaves  might  account  for  a  backward  flow.  So  far  as  I 
am  aware,  however,  such  contractions  in  volume  as  he 
calls  upon  to  account  for  backward  flow  occur  only  when 
water  loss  exceeds  absorption,  and  under  such  conditions 
water  would  tend  to  be  drawn  from  the  vessels  not  pumped 
back  into  them,  unless  one  considered  the  water  as  drawn 
back  by  other  competing  leaves,  but  even  in  that  case  any 
solution  thus  drawn  back  would  tend  to  be  carried  to  the 
other  leaves  and  not  toward  the  trunk  or  roots  away 
from  the  transpiring  top. 

*  The  same  causes  were  suggested  by  Hales,  in  1727,  to  account  for  the 
ebb  of  sap  through  the  wood. 
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Fischer  (1888),  Atkins  (1916),  and  Dixon  and  Atkins 
(1915,  1916)  have  observed  sugars  to  be  present  in  the 
vessels  of  woody  plants  not  only  in  the  spring,  as  have  a 
large  number  of  other  investigators,  but  also  in  midsummer. 
Fischer  did  not,  however,  find  any  sugar  in  the  herbaceous 
stems  he  tested  nor  even  in  woody  shrubs.  Fischer's 
conclusions  were  based  on  the  reduction  of  Fehling's  solu- 
tion when  pieces  of  woody  stem  were  heated  directly  in  it. 
Linsbauer  (1920)  has  questioned  Fischer's  interpretation 
and  gives  evidence  to  show  that  the  reduction  of  Fehling's 
solution  was  due  not  to  sugar  but  to  nonsoluble  constituents 
of  the  cell  wall.  Atkins  and  Dixon  by  centrifuging  pieces 
of  woody  stem  supposedly  threw  out  sap  normally  present 
in  the  vessels  which,  in  their  experiments,  contained  any- 
where from  little  or  no  traces  of  sugar  up  to  solutions  of 
0.5  to  1  per  cent  sugar.  In  later  experiments,  however 
(Dixon  and  Ball,  1923),  sap  contained  in  the  vessels  was 
forced  out  by  placing  the  leafy  branch  under  high  air 
pressure,  and  this  sap  contained  no  traces  of  sugar  unless 
the  tissues  were  first  killed  or  made  permeable  by  toluene 
vapor.  Therefore  he  postulated  that  there  must  be  some 
mechanism  regulating  changes  in  permeability  so  as  to 
synchronize  increases  in  permeability  of  cells  neighboring 
vessels  with  a  time  when  water  is  flowing  backward  through 
the  vessels. 

17.  Findings  and  Interpretations  of  Kastens. — Emma 
Kastens  (1924)  has  accepted  Birch-Hirschfeld's  and  Dix- 
on's hypothesis  and  considers  that  solutes  move  in  both 
directions  chiefly  through  the  xylem.  She  offers  an  ingen- 
ious explanation  of  the  effects  of  ringing  which,  though 
they  probably  will  not  receive  wide  acceptance,  are  at 
least  worth  mentioning  for  some  of  the  ideas  expressed 
are  hinted  at  by  others  though  less  definitely  stated. 
Haberlandt  had  suggested  that  in  the  potato  the  phloem 
produces  hormones  which  are  essential  for  regeneration. 
Kastens,  however,  suggests  that  instead  of  producing  the 
hormones  the  phloem  merely  carries  hormones  of  various 
types    especially    '^ cell-division    hormones"    and    "meta- 
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holism  hormones."  For  example,  the  accumulation  of 
food  above  a  ring,  she  suggested,  is  due  not  to  a  check  in 
backward  movement  of  food  through  the  phloem  but  to 
wound  tissue  development,  callus  formation,  or  root 
formation  which  cause  food  to  accumulate  in  that  region. 
The  explanation  is  therefore  the  reverse  of  that  normally 
given.  Furthermore,  the  low  content  of  food  below  the 
ring  is  suggested  as  due  to  the  failure  of  these  tissues  to 
grow,  not  that  the  failure  to  grow  is  due  to  lack  of  food. 
The  normal  distribution  of  "cell-division  hormones"  and 
the  ''metabolism  hormones "  is  upset  by  cutting  the  phloem 
which  carries  them,  and  the  abnormal  distribution  of  foods 
is  a  result  of  this  change  in  hormone  distribution.  The 
blocking  of  the  xylem  she  also  considered  as  partly  respon- 
sible for  the  failure  of  food  to  move  down  past  a  ring. 
Experiments  of  her  own  and  those  of  Hanstein  with  plants 
having  internal  phloem,  she  considers  as  proof  of  this 
interpretation.  For  example,  if  the  outer  phloem  of  a 
potato  stem  is  cut  and  the  upper  part  of  the  shoot  is 
darkened,  the  shoot  continues  to  grow  above  the  ring,  or 
regeneration  of  buds  occurs  in  this  darkened  part  if  the 
buds  are  removed.  Since  it  seemed  to  her  that  the  amount 
of  internal  phloem  left  could  not  carry  sufficient  food,  this 
must  have  been  carried  by  the  xylem  while  the  necessary 
hormones  are  carried  in  the  phloem.  If  "cell-division 
hormones"  are  produced  by  dividing  cells  and  are  carried 
to  new  regions  through  the  phloem,  it  is  difficult  to  see 
why,  if  the  growing  tips  are  not  removed,  growth  does  not 
continue  in  ringed  defoliated  shoots  where  there  is  no 
internal  phloem.  Perhaps  in  this  case  she  would  suggest 
that  "metabolism  hormones"  are  necessary  and  that  these 
are  produced  only  in  leaves  exposed  to  light.  If  this 
latter  is  the  case,  the  term  "metabolism  hormones"  is 
merely  substituted  for  Hanstein's  "newly  assimilated  sap" 
and  for  which  I  would  substitute  carbohydrate.  It  is 
interesting  that  Dixon  calls  upon  hormones  carried  exclu- 
sively in  the  xylem  to  support  his  hypothesis  whereas 
Kastens  appeals  to  hormones  carried  exclusively  in  the 
phloem  to  support  the  same  hypothesis. 
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18.  Findings  and  Interpretations  of  MacDougal  and  of 
Arndt. — MacDougal  (1925),  though  not  so  positive  in  his 
acceptance  of  the  hypothesis  that  the  xylem  is  concerned 
in  backward  transfer  of  solutes,  nevertheless  seems  to  think 
it  a  feasible  hypothesis  and  offers  data  which,  to  him,  tend 
to  give  it  support.  By  anatomical  studies  and  the  injection 
of  dye  solutions  he  is  led  to  the  conclusion  that  in  conifers 
water  with  contained  solutes  rises  in  the  inner  layers  of 
the  wood  and  that  the  backward  transfer  of  solution  from 
the  leaves  takes  place  through  the  outer  layer.  Though  he 
specifically  states  that  the  transpiration  stream  does  not 
rise  in  the  outer  layer  of  wood  and  bases  his  conclusions 
on  movements  of  dyes  in  cut  and  injected  stems,  his 
own  data  seem  not  to  bear  out  his  conclusion.  In  a  few 
instances  (pp.  13  to  17,  22  to  23)  he  found  the  dye  to  move 
upward  (in  cut  stems)  somewhat  farther  in  the  inner  than 
in  the  outer  layers,  but  in  several  other  instances  (pp.  17, 18, 
19,  24,  and  31)  he  found  movement  to  a  greater  height  in 
the  outermost  layer. 

In  introducing  dyes  through  holes  or  slits  to  determine 
the  direction  of  movement,  he  sometimes  found  greater 
upward  than  downward  movement  in  the  outer  layer. 
For  example,  in  an  experiment  with  a  Monterey  pine 
(p.  31)  the  dye  moved  up  10  cm.  in  the  outer  layer  and 
down  only  4  cm.  Again  (p.  15)  he  found  the  greatest 
downward  movement  not  in  the  outer  layer  but  in  the 
internal  layers. 

Different  quantities  of  sugars  found  in  the  different  layers 
were  cited  as  evidence  that  these  may  be  moving  down  in 
the  outer  layer.  For  example,  in  July  (p.  27)  the  outer 
layer  of  wood  in  the  Monterey  pine  was  found  to  contain 
sugar  to  the  extent  of  0.204  per  cent  of  the  dry  weight, 
whereas  the  next  inner  layer  contained  only  0.007  per  cent. 
By  September,  however,  the  second  layer  had  nearly  as 
much  as  the  outer  (p.  31).  When  the  layers  were  separated 
at  this  time,  the  outer  had  0.146  per  cent  sugar  and  the 
next  inner  layer  0.128  per  cent.  The  two  layers  were 
said  to  have  0.05  per  cent  sugar,  but  this  must  be  a  misprint. 
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To  obtain  the  sap  for  analysis  the  layer  of  wood  was  cut 
into  thin  shavings  and  extracted,  but  no  mention  is  made 
of  the  method  of  extraction.  Presumably  the  tissues  were 
killed  in  this  extraction,  so  sugars  from  the  living  cells 
were  included.  Only  reducing  sugars  were  determined. 
In  a  later  paper  (1926,  p.  79)  he  reported  other  analyses 
of  sap  which  in  these  cases  was  evidently  obtained  by 
suction  from  the  various  layers  of  the  wood.  On  June  24 
the  sap  from  the  outer  layer  of  wood  contained  0.027  per 
cent  sugar,  while  that  from  the  second  and  third  layers 
contained  0.016  per  cent.  Another  section  of  the  same 
trunk  examined  two  days  later  yielded  a  sap  of  0.02  per 
cent  sugar  in  the  outer  layer,  and  0.005  per  cent  from  the 
second  layer,  0.007  per  cent  from  the  third,  and  0.006 
per  cent  from  the  fourth.  On  July  2,  a  sample  from  the 
outermost  layer  of  a  small  tree  showed  0.0049  per  cent 
sugar.  On  July  13  and  14,  samples  from  the  outer  layer 
of  a  small  tree  showed  a  concentration  of  only  0.017  per 
cent  sugar,  while  those  from  the  second  and  third  layers 
contained  0.028  per  cent  to  0.030  per  cent,  respectively. 
He  explains  the  low  concentration  of  the  outer  layer  in 
this  instance  as  due  to  the  fact  that  this  was  the  outer 
layer  of  recently  formed  internodes  in  which  dyes  move 
up  more  readily  than  in  inner  layers.  Five  days  after 
this,  the  tree  was  cut  and  extractions  were  taken  from  the 
outer  layer  of  the  lower  part  of  the  trunk.  The  outer 
layer  in  this  case  contained  0.014  per  cent  sugar  and  the 
inner  layers  had  0.012  per  cent.  In  mid-August  a  sample 
from  the  second  and  third  layer  of  a  small  trunk  showed 
0.14  per  cent  sugar  and  one  taken  from  a  similar  trunk 
on  Oct.  24  contained  0.02  per  cent  sugar.  Though  the 
sugar  contents  were  usually  somewhat  higher  in  the  outer 
layers  than  in  the  inner  layers  of  wood,  there  were  striking 
exceptions.  The  differences  were  not  great  and  the  con- 
centrations showed  such  great  fluctuations  that  it  is 
difficult  to  see  how  this  can  be  considered  as  evidence 
for  downward  transfer  in  the  outer  layers.  The  actual 
concentrations  found  were  extremely  low,  in  all  but  one 
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instance  less  than  0.03  per  cent,  so  that  a  backward  flow 
much  in  excess  of  that  found  would  be  necessary  to  carry 
the  necessary  amounts  of  sugar.  Even  if  the  sap  obtained 
from  the  outer  layers  invariably  contained  more  sugar 
than  the  inner  layers,  this  would  not  offer  very  strong 
support  for  the  hypothesis  of  downward  transfer  through 
these  tissues.  One  might  expect  a  higher  concentration 
in  vessels  which  have  recently  matured,  which  are  closer 
to  active  cambium  cells  containing  a  high  sugar  content, 
and  which  are  also  closer  than  the  inner  tissues  to  the 
sugar-conducting  cells  of  the  phloem.  MacDougal  does 
not  explain  how  he  collects  the  sap  from  the  separate 
layers  by  suction.  Presumably  the  layers  are  blocked  off 
at  the  point  where  suction  is  applied.  Even  though  suction 
is  applied  on  the  cut  end  of  a  given  layer,  the  possibility 
remains  that  within  the  tissues  there  may  be  flow  from  one 
layer  to  another.  That  such  flow  may  occur  is  indicated 
by  his  own  observations,  as  well  as  those  of  others,  that 
introduced  dyes  may  pass  from  one  layer  to  another  and 
even  back  again. 

Though  he  is  not  positive  as  to  the  tissues  concerned  in 
downward  movement  of  foods  and  states  that  the  prevalent 
view  that  foods  move  down  through  the  phloem  is  based 
on  very  imperfect  evidence,  he  has  no  hesitation  in  saying, 
"Positive  identifications  of  the  route  of  upwardly  moving 
solution  is  much  more  easily  obtained."  Apparently 
he  takes  no  stock  in  the  evidence  that  I  have  published, 
but  it  is  rather  disappointing  that  he  offers  no  explanations 
of  the  data  obtained.  Dixon  (1924,  p.  54)  is  equally 
positive  in  his  statement:  "Taking  aU  the  evidence  into 
account  we  may  conclude  with  certainty  that  the  rising 
water  current  conveys  upward  not  only  dissolved  inorganic 
substances  but  that  it  is  of  importance  in  transferring 
organic  substances  also  from  the  lower  parts  of  the  plant 
to  its  upper  extremities."  He  also  disappoints  one  in  that 
the  only  answer  he  gives  to  the  extensive  data  on  ringing 
experiments  is  that  ringing  may  result  in  plugging  of  the 
xylem  vessels.     It  would  be  interesting  to  know  how  he 


104  TRANSLOCATION  IN  PLANTS 

would  explain  continued  transfer  when  the  xylem  is 
completely  removed  (Curtis,  1925).  Furthermore,  as  is 
explained  in  Sec.  25,  ringing  is  not  necessarily  followed  by 
plugging  and  yet  solute  translocation  is  seriously  inter- 
fered with.  Dixon  and  some  of  those  supporting  his 
hypothesis  claim  the  ringing  interferes  with  upward 
translocation  because  it  results  in  plugging  the  outer 
layers  of  the  xylem,  but  according  to  MacDougal's  sug- 
gestions the  upward  translocation,  in  the  pine  at  least,  is 
chiefly  in  the  inner  layers  and  little  or  none  occurs  in  the 
outer  layers  which  are  supposed  to  be  concerned  largely 
in  downward  movement. 

Arndt  (1929),  on  observing  the  movement  of  eosin 
solutions  introduced  into  cut  stems  or  roots  of  the  coffee 
tree,  concluded  that  solutions  move  both  downwards  and 
upwards  through  the  xylem  vessels  and  that  the  downward 
movement  would  be  adequate  for  transporting  foods.  He 
found  that  the  presence  of  leaves  was  not  necessary  for 
such  movements,  for  they  occurred  even  after  he  had 
supposedly  eliminated  influences  of  negative  gas  pressure, 
capillarity  and  saturation  deficits  of  the  xylem.  He 
found  greatest  movement — and  this  occurred  simulta- 
neously in  both  directions — in  the  outer  layer  of  wood  and 
suggests  that  this  layer  may  be  ''composed  of  closely 
associated  conduits  which  are  hydrostatically  isolated 
from  each  other"  and  that  "a  more  complicated  vascular 
mechanism  exists  in  plants  than  has  usually  been  postu- 
lated." In  common  with  many  other  investigators  Arndt 
seems  to  fail  to  recognize  that  movement  in  conduits 
after  they  are  cut  open  may  have  no  bearing  on  normal 
water  or  solute  movements. 

19.  Comments  on  Evidence  Supposed  to  Prove  Backward 
Flow  through  the  Xylem. — The  hypothesis  that  the  xylem  is 
the  principal  channel  for  the  backward  transport  of  solutes 
seems  to  have  been  proposed  because  injected  solutions 
failed  to  be  carried  through  the  phloem  in  appreciable 
quantities,  and  because  the  narrowness  of  the  phloem 
tubes    together    with    their    high    content    of    seemingly 
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viscous,  colloidal  material,  and  the  frequency  of  their 
cross  walls  seemed  to  preclude  the  possibility  of  an  ade- 
quate transport  through  the  phloem.  The  xylem  tubes,  on 
the  other  hand,  are  large,  have  relatively  infrequent  cross 
walls,  a  content  of  low  viscosity,  and  injected  solutions 
are  easily  and  rapidly  carried  in  either  direction  or  can  be 
readily  forced  through  the  tissue  in  either  direction.  The 
seemingly  frequent  presence  of  sugars  occurring  naturally 
in  these  xylem  tubes  also  tends  to  favor  this  hypothesis. 

The  evidence  discussed  in  Chap.  II,  however,  especially 
that  which  demonstrates  that  translocation  takes  place 
when  the  xylem  is  completely  removed,  seems  to  show 
conclusively  that  the  phloem  can  and  does  carry  solutes 
at  a  rate  at  which  they  seem  normally  to  be  carried.  In 
the  Ught  of  this  evidence,  therefore,  negative  evidence,  such 
as  the  seeming  inability  to  force  solutions  through  the 
phloem,  or  that  it  is  difficult  to  conceive  of  a  highly  efficient 
mechanism,  is  not  very  convincing. 

Though  it  is  possible  that  occasionally  there  may  be  a 
small  amount  of  backward  flow  of  water  through  the  xylem, 
it  seems  probable  that  the  frequency  and  extent  of  such 
movement  are  normally  much  less  than  those  indicated  by 
injection  experiments.  As  is  discussed  in  more  detail  in 
Sec.  20,  the  backward  flow  of  an  injected  solution  could  be 
expected  to  occur  whenever  a  conducting  system  under 
tension  or  reduced  pressure  is  opened  and  solutions  at 
higher  pressure  are  introduced.  That  backward  flow  is 
frequent  or  normal  has  not  been  demonstrated.  Even 
if  backward  flow  were  as  frequent  and  extensive  as  might 
be  assumed  to  be  indicated  by  injection  experiments,  the 
commonly  low  sugar  content,  or  almost  complete  lack  of 
sugar  found  in  the  water-conducting  tubes  of  the  xylem 
at  the  season  when  extensive  backward  translocation 
must  be  taking  place,  reduces  the  likelihood  of  appreciable 
amounts  of  sugar  being  carried  through  this  channel. 

Even  if  backward  flow  were  frequent  and  extensive,  and 
even  though  there  is  considerable  resistance  to  transverse 
flow  of  water  through  the  xylem,  there  is  no  indication  of  a 
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mechanism  that  would  bring  a  backward  flow  through 
certain  of  the  channels  while  water  is  being  lost  from  the 
leaves  and  absorbed  from  the  roots.  Even  if  such  a 
mechanism  exists  and  were  demonstrated,  it  would  have 
to  be  so  coordinated  with  permeability  or  other  changes 
that  sugars  would  be  secreted  only  into  the  downward 
moving  streams  and  these  would  have  to  flow  continuously 
or,  if  some  accident  should  start  the  stream  running  in  the 
wrong  direction,  some  regulatory  system  would  have  to 
come  into  action  immediately  to  unload  the  sugars  from 
the  reversed  stream.  With  such  a  system  one  would  be 
almost  forced  to  call  upon  hormones  or  something  even 
more  subtle  than  these  to  aid  in  the  regulation  (see  Sec.  17). 
As  stated  in  the  preface,  it  is  possible  that  many  of  the 
advocates  of  this  hypothesis  no  longer  favor  it,  yet  in  view 
of  the  fact  that  many  investigators,  including  Dixon, 
MacDougal,  Mason  and  Lewin,  and  Arndt,  advocated  it 
even  after  the  publication  of  my  paper  which  demon- 
strated continued  transport  after  the  complete  severance 
of  the  xylem,  and  in  view  of  the  fact  that  evidence  of  the 
sort  used  to  support  this  hypothesis  is  still  used  to  support 
the  contention  that  the  xylem  is  the  channel  chiefly  con- 
cerned in  upward  transport,  it  has  seemed  advisable  to 
discuss  this  evidence  in  the  detail  here  presented. 

SUMMARY 

15.  Attempts  of  many  sorts  were  made  by  Birch-Hirschfeld  to  bring 
about  a  rapid  movement  of  lithium  nitrate  or  eosin  through  phloem  and 
parenchyma  tissues.  The  materials  were  introduced  through  incisions  of 
various  sorts  or  by  applying  strong  solutions  or  crystals  to  the  surface,  and 
attempts  to  bring  about  movement  involved  physical  manipulation  and 
high  rates  of  transpiration.  These  materials,  however,  could  be  caused  to 
move  through  phloem  or  parenchyma  at  only  very  slow  rates,  rarely  over 
5  cm.  in  24  hr.  The  movement  in  killed  tissues  was  slightly  faster  than  in 
living  tissues.  The  cross-sectional  area  of  the  sieve  tubes  of  the  petiole  of 
a  bean  leaf  was  measured,  and,  assuming  a  moderate  rate  of  photosynthesis, 
calculations  as  to  rates  at  which  pure  sugar  or  sugar  solutions  must  move 
to  empty  the  leaf  in  24  hr.  gave  figures  over  a  hundred  to  several  thousand 
times  the  rates  at  which  she  was  able  to  force  water  through  the  phloem. 
On  the  other  hand,  when  lithium  salts  or  eosin  were  introduced  into  the 
xylem,  they  were  quickly  carried  throughout  the  plant,  not  only  toward  the 
transpiring  leaves  but  also  backward  to  leafless  parts.     Since  the  phloem 
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seems  incapable  of  carrying  solutes  at  the  necessary  rates,  whereas  the  xylem 
carries  introduced  solutions  with  great  rapidity  in  both  directions,  she 
suggested  that  it  is  possible  that  the  xylem  is  the  normal  path  of  backward 
transport. 

16.  Dixon  and  his  associates  summarily  dismiss  all  evidence  based  on 
ringing  experiments  on  the  grounds  that  ringing  always  results  in  plugging 
of  the  xylem.  Calculations  are  presented  showing  the  rates  at  which 
sugar  solutions  must  move  if  the  transport  of  sugar  from  photosynthesis 
is  restricted  to  the  phloem  of  leaf  petioles,  or  that  moving  to  the  storage 
tuber  of  potato  or  yam  is  carried  through  the  phloem.  These  calculations 
indicate,  for  example,  that  if  restricted  to  flow  through  the  sieve  tubes, 
a  25  per  cent  solution  of  sugar  must  move  at  a  rate  of  88  cm.  an  hour  to 
carry  the  requisite  amount  of  sugar  to  the  storage  tuber  of  the  yam.  Since 
such  rates  of  movement  appear  impossible,  because  of  the  narrowness  of 
the  sieve  tubes,  their  frequent  cross  walls,  and  their  content  of  colloidal 
material,  it  is  definitely  proposed  that  solutions  must  move  back  through 
the  xylem  where  solutions  flow  easily.  This  suggestion  is  supported  by 
observations  of  rapid  backward  flow  of  colored  solutions  throughout  an 
entire  potato  plant,  roots,  tubers,  and  tops,  when  the  dye  is  introduced 
through  a  cut  leaf.  To  support  the  suggestion  that  a  backward  trans- 
port through  the  xylem  is  normal,  the  evidence  of  backward  transport  of 
a  hormone  causing  movements  in  pinnae  of  Mimosa  is  cited.  The  find- 
ing of  sugar  in  the  sap  obtained  by  centrifuging  pieces  of  stem  is  cited  as 
proof  of  sugar  being  normally  present  in  the  transpiration  stream  during 
midsummer. 

17.  Kastens  considers  that  foods  are  carried  in  both  directions  through 
the  xylem  and  not  the  phloem,  and  that  the  disturbed  growth  responses 
following  ringing  are  to  ha  explained  on  the  grounds  that  special  hormones 
controlling  behavior  are  transported  through  the  phloem.  The  change  in 
food  distribution  above  and  below  rings,  therefore,  is  partly  due  to  the 
influence  of  the  hormones  on  growth  and  that  growth  m  turn  controls  food 
distribution,  and  partly  to  the  effect  of  the  ring  in  plugging  the  xylem 
through  which  the  foods  move. 

18.  MacDougal,  as  a  result  of  anatomical  and  injection  studies,  concludes 
that  in  conifers  water  with  its  contained  solutes  rises  in  the  inner  layers  of 
the  wood,  and  that  possibly  sugars  are  carried  downward  in  the  outermost 
layers  of  wood,  which  are  not  directly  connected  anatomically  with  the 
leaves.  Injection  experiments  are  claimed  to  indicate  a  greater  downward 
flow  through  the  outer  layers  of  wood.  These  same  layers  also  were  often 
found  to  have  a  higher  sugar  content  than  the  inner  layers.  This,  it  is 
suggested  may  indicate  that  sugars  are  being  carried  down  through  these 
outer  layers.  Arndt,  as  a  result  of  injection  experiments  with  the  coffee 
tree,  found  rapid  movement  of  eosin  both  upward  and  downward  through 
the  outer  xylem  layers,  even  when  all  effects  due  to  unequal  gas  pressure, 
capillarity,  and  saturation  deficits  were  supposedly  eliminated.  This  led 
him  to  suggest  that  the  xylem  is  normally  concerned  in  transport  in  both 
directions,  but  that  the  mechanism  involved  is  unknown. 

19.  The  principal  reason  why  it  has  been  proposed  that  the  xylem  is 
chiefly  concerned  in  backward  movement  is  that  it  has  not  been  possible  to 
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force  solutions  through  the  phloem  in  appreciable  quantities  and  because 
the  narrowness  of  the  sieve  tubes,  their  frequent  cross  walls,  and  their  high 
content  of  viscous  material  seem  to  preclude  the  possibility  of  movement 
through  them  at  adequate  rates.  On  the  other  hand,  solutions  can  be 
easily  caused  to  flow  with  great  rapidity  in  either  direction  through  the 
xylem.  These  tissues  have  also  apparently  been  found  to  contain  appre- 
ciable quantities  of  sugar.  Although  the  phloem  seems  inadequate  as  a 
path  for  transport  of  appreciable  amounts  of  sugar,  evidence  cited  in  Chap.  II, 
where  it  was  conclusively  demonstrated  that  it  can  carry  materials  at 
adequate  rates,  even  though  the  mechanism  may  not  be  understood,  removes 
the  major  objection  to  transport  through  the  phloem.  Although  it  has 
been  claimed  that  sugar  is  present  in  xylem  vessels  during  midsummer,  this 
claim  is  not  well  substantiated.  There  is  no  evidence  that  solutions  or 
water  normally  move  backward  through  the  xylem,  and  even  if  such  flow 
should  occur,  no  mechanism  has  been  proposed  whereby  the  backward 
flowing  solution  can  be  directed  to  the  tissues  using  the  foods. 


CHAPTER  V 

A  COMPARISON  OF  CRITERIA  AND  METHODS  USED 
TO  DETERMINE  THE  TISSUES  OF  TRANSPORT 

Different  investigators  have  arrived  at  very  divergent 
conclusions  concerning  the  tissues  concerned  in  solute 
translocation.  This  divergence  and  contradiction  seem 
to  be  due  very  largely  to  the  criteria  and  the  methods 
depended  upon  to  determine  the  channels  of  transport.  For 
example,  from  a  comparison  of  the  results  obtained  from 
many  experiments  it  is  obvious  that,  when  colored  solutions 
or  solutions  of  almost  any  sort  of  substance  are  introduced 
into  cut  stems  or  injected  into  various  tissues,  these 
solutions  are  carried  rapidly,  extensively,  and  almost 
exclusively  in  the  xylem  tissues  and  it  is  also  obvious  that 
transpiration,  directly  or  indirectly,  determines  both  the 
direction  and  the  rate  of  movement  of  the  solutions  intro- 
duced. On  the  other  hand,  if  the  channel  for  the  movement 
of  naturally  occurring  solutes,  those  manufactured  by 
the  leaves  or  absorbed  by  intact  and  uninjured  roots,  is 
sought  for,  not  by  artificially  introducing  materials  but 
by  cutting  or  blocking  first  one  possible  channel  for  trans- 
port and  then  another,  it  is  found  that  these  naturally 
occurring  solutes  seem  unable  to  move  in  normal  quantities 
either  apically  or  basally  through  the  water-conducting 
tissues  of  the  xylem,  whereas  they  seem  capable  of  being 
carried  in  approximately  normal  quantities  and  at  normal 
rates  through  the  phloem  tissues.  A  critical  consideration 
of  these  criteria  and  methods,  therefore,  seems  desirable. 

20.  The  Movement  of  Solutes  Introduced  through  Cut 
Tissues. — Studies  of  solute  movement  based  upon  obser- 
vations of  the  movements  of  solutions  artificially  introduced 
into  possible  conducting  tissues  are  open  to  serious  criti- 
cism.    Thus  for  the  xylem  it  is  practically  certain  that  the 
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pressures  or  tensions  in  the  water  and  air  columns  will  be 
altered  as  a  result  of  the  cutting  incident  to  injection. 
For  example,  where  a  column  of  water  may  have  actually 
been  moving  upward  under  reduced  pressure  or  under 
tension,  the  opening  of  the  column  accompanied  by  the 
introduction  of  a  solution  at  a  different  pressure  may 
result  in  an  actual  reversal  of  the  flow  over  part  at  least 
of  the  system.  On  the  other  hand,  the  injected  solution 
may  flow  into  a  channel  in  which  there  was  originally 
only  gas  at  reduced  pressure.  An  interpretation  based 
on  the  movement  of  the  introduced  solution  may  therefore 
be  completely  erroneous.  The  reversals  observed  by 
Birch-Hirschfeld  (1920),  DLxon  and  Ball  (1922)  and  others 
and  the  erratic  behavior  of  injected  solutions  reported  by 
MacDougal  (1926)  can  probably  be  explained  as  resulting 
from  cutting  into  such  a  closed  system  with  different 
parts  at  varying  pressures  or  showing  varying  resistances 
to  flow. 

I  am  not  convinced  that  the  conclusions  arrived  at  by 
IMacDougal,  Overton,  and  Smith  (1929)  are  based  on 
indisputable  evidence,  that  is,  that  specific  regions  of 
annual  rings  of  woody  plants  are  concerned  in  water 
transport  and  others  are  normally  filled  with  gases.  The 
seasonal  fluctuations  in  gas  and  water  contents  also,  as 
reported  by  these  investigators  (pp.  50  to  52)  as  well  as 
by  many  others  previously,  may  not  really  exist  or  may 
be  greatly  exaggerated  because  of  the  method  of  investi- 
gation. If,  during  a  season  of  high  transpiration  or  deficient 
water,  one  carefully  exposes  the  wood  without  cuttmg 
into  it,  the  presence  of  water  in  the  conducting  vessels  is 
made  evident  by  the  somewhat  translucent  appearance 
which  is  almost  instantaneously  lost  when  the  vessels  are 
cut  across.*  The  abrupt  change  in  appearance  is  obviously 
due  to  the  displacement  of  water  by  air  or  a  partial  vacuum 
when  the  columns  under  tension  are  ruptured.  Little  or 
no  evidence  is  available  as  to  the  extent  of  this  displace- 
ment.    In  all  probability  when  such  ruptures  take  place, 

*  This  behavior  was  brought  to  my  attention  by  Dr.  Crafts. 
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the  finer  capillary  tubes  or  those  with  smaller  openings 
through  pits  or  pit  membranes  will  withdraw  water  from 
the  coarser  ones  or  from  those  with  larger  pit  openings, 
thus  giving  the  appearance  that  the  latter  has  been  gas-filled 
previous  to  cutting.  Bailey  (1916)  reports  observations 
on  sizes  of  pores  in  pit  membranes  and  calculations  of 
pressures  necessary  to  rupture  membranes  at  air-water 
surfaces.  Data  on  the  approximate  pressures  at  20°C. 
necessary  to  force  air  through  water-filled,  or  water  through 

Table    16. — Approximate   Pressures    Necessary   to    Force    Air   into 
Water-filled  Circular  Pores,  or  Water  into  Air-filled  Pores  of 
Varying  Diameters  at  20°C. 


Diameter  of 
pores,  microns 

Pressures, 
g.  per  sq.  cm. 

Atmospheres 

0.5 

6,000 

5.80 

1.0 

3,000 

2.90 

2.0 

1,500 

1.45 

5.0 

600 

0.58 

10.0 

300 

0.29 

25.0 

120 

0.116 

50.0 

60 

0,058 

100.0 

30 

0.029 

200.0 

15 

0.0145 

500.0 

6 

0 . 0058 

2T 
These  were  calculated  from  the  formula  p  =  —  where  p  =  pre.ssure  in  gram.s  per  square 

centimeter,  T  =  surf.ace  tension  of  water  which  is  73.5  dynes  per  square  centimeter  or 
0.7496  g.  per  square  centimeter  at  20°C.,  r  =  radius. 

air-filled  circular  openings  of  various  sizes  are  given  in 
Table  16.  These  data  also  indicate  relative  powers  of 
tubes  of  differing  diameter  to  compete  for  water  when 
the  system  is  cut  and  exposed  to  air.  Pores  through 
pit  membranes  range  from  0.5  to  5/x  in  diameter,  and 
tracheids  and  vessels  in  various  woody  plants  range  from 
10  to  200^1  in  diameter.  It  is  obvious  from  these  data 
that  differences  in  capillary  forces  alone  up  to  one  or  more 
atmospheres  may  be  concerned  in  influencing  the  redistri- 
bution of  water  after  cutting. 

Attempts  to  inject  solutions  into  the  phloem  may,  and 
usually    do,    result   in    complete    failure,    not    necessarily 
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because  materials  do  not  normally  move  there  but  because 
of  the  nature  of  the  cells  and  the  probable  nature  of  the 
movement  in  them.  Because  the  phloem  cells  are  so 
small,  because  of  their  high  colloid  content  and  high 
internal  pressures,  and  because  their  walls  are  not  rigid,  it 
is  practically  impossible,  by  ordinary  injection  methods,  to 
introduce  a  solution  into  the  cell.  An  attempt  to  cut  into 
the  tissue  is  almost  certain  to  rupture  the  system,  and  mass 
injection  can  never  be  expected  to  be  successful  as  a  means 
of  introducing  solutes  into  such  tissues.  If  translocation 
through  the  sieve-tube  system  is  brought  about  by  proto- 
plasmic streaming,  as  seems  to  be  probable,  the  only 
methods  that  at  present  seem  feasible  would  be  to  introduce 
some  dye  that  is  taken  up  by  the  protoplasm  or  other 
substance  that  can  be  detected  in  small  quantities.  These 
may  be  absorbed  through  intact  cells  or  it  may  be  necessary 
to  introduce  them  by  micro-injection.  Even  here  there  is 
danger  of  upsetting  the  mechanism  by  the  introduction  of  a 
foreign  substance  or  by  the  puncture  of  the  cell,  and  it  is 
improbable  that  materials  could  be  thus  injected  in  suffi- 
cient quantities  to  be  of  great  aid  in  studying  translocation. 
Schumacher  (1933),  however,  has  found  it  possible  to  intro- 
duce fluorescein  (see  Sec.  37)  but  the  amounts  carried  must 
be  small  as  compared  with  the  amount  of  sugar  carried. 
The  injection,  natural  or  artificial,  of  a  virus,  also,  may  be  of 
use  in  translocation  studies  because  of  the  possibility  of  its 
self-multiplication.  But  it  would  seem  to  be  of  doubtful 
value  for  testing  normal  movements  (see  Sec.  38). 

Furthermore,  even  if  a  given  solution  could  be  intro- 
duced into  one  or  the  other  tissue  without  disrupting  the 
normal  pressures  or  movements,  and  the  introduced  sub- 
stance was  found  to  be  carried  after  injection,  this  would 
merely  establish  the  fact  that  the  material  when  introduced 
might  be  carried  in  that  tissue,  but  it  would  not  establish  as 
fact  that  it  is  normally  so  carried. 

21.  The  Movement  of  Solutes  Introduced  through 
Uncut  Roots. — When  eosin  is  added  to  the  medium  around 
a  rooted  plant,  this  is  found  to  be  actually  carried  in  the 
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xylem  vessels.  This  would  seem  to  indicate  translocation 
in  the  xylem  when  the  solute  is  not  artificially  introduced 
through  cuts.  Eosin,  however,  is  toxic  and  it  seems  proba- 
ble that  when  it  comes  into  contact  with  the  living  cells 
of  the  root  it  kills  them  or  makes  them  become  abnormally 
permeable,  and  then,  of  course,  with  no  effective  semi- 
permeable membranes  the  solute  would  tend  to  be  carried 
directly  with  the  water.  The  evidence  that  normal  salts 
are  not  absorbed  with  the  water,  as  discussed  in  Sec.  7, 
would  indicate  that  this  eosin  movement  is  abnormal.  The 
absorption  of  lithium  through  uncut  tissues  might  be 
explained  in  a  similar  way.  Birch-Hirschfeld  (1920),  for 
example,  found  that,  if  a  strong  solution  of  lithium  nitrate 
(0.75  M)  was  placed  on  the  surface  of  a  leaf,  or  if  crystals 
of  the  salt  were  placed  under  the  bark  and  in  contact  with 
thin-walled  cells,  the  lithium  was  evidently  carried  in  the 
xylem.  Such  strong  solutions  would  tend  to  kill  or  at 
least  increase  the  permeability  of  the  living  cells  so  that  the 
tissues,  though  seemingly  intact,  are  not  uninjured. 

That  lithium  or  comparable  solutes  can  be  used  as  tests 
for  normal  solute  movement  may  be  open  to  serious 
criticism.  Certainly  the  results  obtained  through  its  use 
seem  to  contradict  those  obtained  by  other  experiments. 
For  example,  when  a  lithium  salt  is  added  to  the  soil,  it 
seems  readily  to  pass  a  ring  (Curtis,  1923).  This  might  be 
explained  in  various  ways.  Possibly  the  lithium  is  toxic 
and  increases  the  permeability  of  cells  and  therefore  is 
carried  with  the  water.  But  the  concentration  used  in  this 
experiment  gave  no  clear  indication  of  toxicity.  That 
lithium  is  fairly  quickly  absorbed  by  intact  tissues  from 
seemingly  nontoxic  solutions  and  that  it  is  then  carried 
rapidly  through  the  water-conducting  tissues  appears  to  be 
fairly  well  established.  Possibly  certain  ions  are  carried  in 
greater  quantity  in  the  xylem  while  others  are  carried 
chiefly  in  the  phloem.  It  is  conceivable  that  different 
tissues  might  thus  absorb  ions  differentially.  Attempts  are 
being  made  to  determine  if  certain  of  the  normally  occurring 
elements  are  more  readily  carried  in  the  xylem  than  others. 
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On  the  other  hand,  the  Hthium  test  has  been  used  as  a 
quahtative  test  only.  If  minute  quantities  of  solutes  are 
carried  rapidly  in  the  xylem,  whereas  much  larger  quantities 
are  carried  more  slowly  in  the  phloem,  then  qualitative  tests 
might  indicate  greater  translocation  through  the  xylem. 
The  quantitative  data  on  ash  as  well  as  on  nitrogen  indicate 
that  small  quantities  of  these  solutes  are  unquestionably 
carried  through  the  xylem.  Merely  quahtative  tests  like 
those  with  lithium  are  therefore  open  to  criticism  and  may 
lead  to  false  conclusions.  Furthermore,  as  pointed  out  in 
Sec.  14,  lithium  and  other  elements  to  which  membranes 
are  relatively  permeable  and  which  may  not  be  accumulated 
in  cells,  may  be  more  readily  carried  in  the  transpiration 
stream. 

This  criticism  against  using  qualitative  tests  only  would 
seem  not  to  hold  for  experiments  reported  by  Bodenberg 
(1927),  for  he  found  that,  when  hthium  or  caesium  nitrates 
were  supplied  to  rooted  woody  plants,  these  would  not  pass 
either  upward  or  downward  through  a  part  of  stem  where 
the  xylem  was  cut  out.  In  these  experiments  he  found  no 
lithium  or  caesium  to  pass  through  the  phloem  bridge  even 
in  as  long  a  period  as  21  days.  The  suggestion  that 
larger  quantities  are  moving  more  slowly  in  the  phloem  is 
not  supported  by  this  evidence.  In  this  same  paper 
Bodenberg  reports  finding  that  cutting  the  phloem  delayed 
but  did  not  prevent  the  transfer  of  these  salts,  while  cutting 
the  xylem  completely  stopped  their  movement  in  either 
direction.  Though  he  states  that  he  enclosed  the  stems  in 
glass  tubes  for  keeping  the  phloem  wet  he  does  not  describe 
the  method  sufficiently  to  give  one  confidence  that  this  was 
not  the  cause  of  the  lack  of  transfer.  In  earlier  experiments 
(Curtis,  1925)  I  found  that  failure  to  keep  the  phloem 
thoroughly  wet  resulted  in  no  translocation  through  it.  It 
is  also  possible  that  in  cutting  out  the  xylem,  the  phloem 
also  was  destroyed.  The  one  instance  mentioned  of 
regeneration  of  new  xylem  would,  however,  tend  to  refute 
both  of  these  objections.  In  view  of  the  objections  to  the 
use  of  lithium  and  caesium  salts  as  discussed  in  this  section 
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as  well  as  the  points  discussed  in  Sec.  14,  it  seems  that 
experiments  with  these  salts  cannot  give  any  clear  idea  as 
to  the  normal  behavior  of  nutrient  salts. 

In  a  more  recent  paper  Bodenberg  (1929)  has  stated 
that  the  objection  that  lithium  salts  are  not  satisfactory 
for  use  in  experiments  on  transfer  appears  to  be  groundless, 
because  he  found  that  they  were  not  rapidly  carried  across 
woody  stems  of  willow  varying  in  diameter  from  1  to  5  cm. 
However,  one  would  hardly  expect  woody  tissues,  either 
alive  or  dead,  to  offer  no  resistance  whatever  to  the  cross 
transfer  of  salts  like  those  of  hthium,  and  since  Bodenberg 
gives  no  data  comparing  the  rate  of  transfer  of  the  lithium 
ion  with  that  of  others,  his  data  are  far  from  convincing. 
Even  if  it  were  found  that  lithium  moved  across  a  woody 
cyUnder  less  rapidly  than  potassium,  for  example,  which  is 
not  unlikely,  the  major  criticisms  of  its  use  to  demonstrate 
translocation  remain.  Furthermore,  Bodenberg  did  not 
even  demonstrate  that  water  moved  across  the  stem  for  he 
had  to  supply  the  shoot  with  water  through  a  wick.  In  the 
illustration  he  gives  (Fig.  1,  p.  34)  he  shows  a  willow  stem 
10.5  cm.  long  and  2.5  cm.  thick.  The  root  is  on  the  under- 
side of  the  horizontally  placed  stem  and  the  shoot  is  on  the 
upper  side,  offset  5  cm.  from  directly  above  the  root.  Since 
water  would  not  move  fast  enough  from  the  root  to  the 
shoot  to  keep  the  latter  turgid,  a  wick  was  led  from  a 
separate  vessel  of  water  to  the  upper  side  next  to  the  shoot 
to  supply  it  with  water.  Under  such  conditions  one  would 
hardly  expect  even  water  to  move  to  the  shoot  from  the  root, 
to  say  nothing  of  the  lithium  or  any  other  dissolved  substance. 

22.  Tests  for  the  Deposition  of  Solutes  Introduced 
through  Cut  or  Uncut  Roots. — The  method  of  adding  some 
substance  to  the  soil  solution  and  subsequently  testing  for 
its  location  in  the  plant  has  been  occasionally  used  as  a  test 
to  indicate  the  tissues  taking  part  in  translocation.  This 
method  escapes  the  criticism  that  some  tissue  has  been  cut 
open  for  the  plant  is,  or  at  least  may  seem,  intact. 

The  method  has  been  recently  used  by  Overton  (1925) 
who  found  that  after  plants  were  watered  with  solutions  of 


116  TRANSLOCATION  IN  PLANTS 

selenium  or  tellurium,  these  elements  were  found  in  abun- 
dance in  the  xylem,  while  they  were  almost  absent  from  the 
phloem  and  other  tissues.  In  the  discussion  that  followed 
the  talks  on  translocation  before  the  British  Association 
Meeting  in  Toronto,  in  1922,  Prof.  Overton  cited  similar 
experiments  with  potassium  salts  as  definitely  estabUshing 
the  xylem  as  the  channel  for  transport.  There  are, 
however,  very  serious  criticisms  to  this  method.  The 
region  of  deposition  or  accumulation  of  a  substance  may 
give  little  or  no  indication  as  to  what  tissues  carry  the 
material.  For  a  time  it  was  thought  that  carbohydrates 
were  carried  in  the  starch  sheath  or  endodermis,  for  it 
formed  a  continuous  chain  of  cells  which  was  well  filled  with 
starch.  But  this  notion  was  abandoned  when  Heine  (1885) 
demonstrated  by  modified  ringing  experiments  that  this 
tissue  was  not  concerned  in  transport.  Bokorny  (1890) 
thought  the  deposition  of  iron  in  the  walls  of  thick-walled 
cells  of  both  xylem  and  the  sclerenchyma  cells  of  the 
phloem,  and  its  absence  in  other  cells,  proved  that  water 
and  solutes  were  carried  in  the  walls  of  these  cells  and  not 
through  the  lumen.  Scott  and  Priestley  (1928),  and 
Scott  (1928)  have  more  recently  considered  that  the  micro- 
chemical  detection  of  dyes  or  inorganic  ions  in  the  walls  is 
evidence  that  the  materials  move  along  the  walls  and  not 
through  other  parts  of  the  cell.  The  finding  of  deposits  of 
iron  or  dyes  or  any  other  substance  in  a  cell  or  on  its  walls 
may  be  proof  that  these  elements  had  reached  that  point, 
but  it  does  not  prove  that  those  walls  or  cells  were  the 
channels  through  or  along  which  the  material  was  being 
carried.  In  fact,  the  very  accumulation  in  the  walls  or  in 
the  cells  might  be  considered  to  indicate  that  they  are  not 
effective  channels  of  transport,  for  the  fixation  on  or  in  a 
nonmoving  body  would  tend  to  interfere  with  further 
movement. 

23.  The  Occurrence  of  a  Substance  in  a  Tissue  as  a 
Criterion  of  Its  Movement  through  That  Tissue.— The 
complete  absence  of  a  substance  from  a  possible  conducting 
channel  is  obviously  conclusive  proof  that  that  substance 
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is  not  at  the  time  being  carried  through  that  tissue.  On 
the  other  hand,  the  presence  of  a  substance  in  a  possible 
conducting  channel,  though  it  is  often  cited  as  proof  of  its 
transport,  is  not  conclusive  proof  that  it  is  being  carried 
in  that  channel,  or  that  the  channel  concerned  plays  a 
significant  part  in  the  transport.  In  the  first  place,  as 
mentioned  in  the  preceding  section,  the  presence  of  a  sub- 
stance in  the  walls  of  the  supposed  channel,  or  in  a  form 
that  would  be  blocked  at  constrictions  cannot  be  con- 
sidered as  good  evidence  for  transport.  In  the  second  place, 
a  substance,  even  when  present  in  the  lumen  in  easily 
transportable  form,  may  not  be  transported  in  sufficient 
amounts  if  at  the  time  of  its  presence  the  vehicle  or  solvent  is 
not  moving  or  is  moving  at  an  inadequate  rate.  In  the  third 
place,  if  the  substance  is  present  in  a  moving  vehicle  but  is 
present  in  small  amounts,  the  channel  in  consideration  may 
play  merely  a  minor  or  insignificant  role  in  the  transport. 

One  of  the  most  serious  obstacles  to  an  acceptance  of  the 
hypothesis  that  the  phloem  is  the  chief  channel  for  upward 
transport  of  solutes  is  that,  in  a  number  of  plants,  solutions 
at  appreciable  concentrations  have  been  found  in  the  xylem 
vessels.  For  example,  the  sugar  in  the  vessels  of  certain 
trees,  notably  the  sugar  maple  (Jones  et  al,  1903),  has 
during  certain  seasons  been  found  at  concentrations  as 
high  as  2  to  8  per  cent  (2,000  to  8,000  p.p.m.).  Many 
investigators  have  given  data  on  the  composition  of  the 
Uquid  bleeding  from  cut  stems  of  many  woody  plants. 
Among  such  reports  are  those  of  Schroeder  (1871),  Jones, 
Edson,  and  Morse  (1903),  Moreau  and  Vinet  (1923),  and 
many  others. 

Wormall  (1924)  and  Priestley  and  Wormall  (1925) 
collected  about  110  Hters  of  sap  that  exuded  from  the 
stumps  of  12  grape  vines,  and,  on  the  analysis  of  over 
90  liters,  found  a  total  soUd  content  of  0.156  per  cent.  The 
ash  content  was  0.056  per  cent,  the  total  sugar  0.0338  per 
cent,  and  the  organic  acid  content  0.056  per  cent.  It  was 
assumed  by  these  writers  that  this  solution  was  moving 
to  the  apical  meristems  and  that  the  composition  of  the 
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solution  was  indicative  of  the  composition  of  the  material 
supplying  the  growing  point.  Though  these  particular 
investigators  may  no  longer  hold  to  the  hypothesis  that  an 
analysis  of  this  solution  will  throw  light  on  what  sub- 
stances are  essential  for  maintaining  growth  of  the  shoots, 
it  seems  desirable  that  the  point  be  considered  somewhat 
further  since  the  notion  is  widespread  that  these  solutions, 
bleeding  from  stumps,  are  solutions  naturally  moving  to 
and  nourishing  the  growing  shoots. 

It  should  be  pointed  out  that  the  time  of  most  vigorous 
bleeding  and  highest  sap  composition  coincides  with  a 
period  when  there  is  little  or  no  loss  of  water  from  the  tops, 
when  there  is  little  or  no  growth,  and  therefore  at  a  time 
when  there  is  probably  little  or  no  natural  flow  even  of 
water.  The  concentration  of  bleeding  sap  rapidly  falls  at 
about  the  time  of  the  opening  of  the  buds.  This  rapid  dis- 
appearance at  this  season  has  been  noted  by  a  number  of 
investigators  among  them  Schroeder  (1871),  Jones  et  al. 
(1903),  and  Moreau  and  Vinet  (1923).  It  has  not  been 
clearly  established,  however,  whether  the  disappearance 
precedes,  accompanies,  or  follows  the  establishment  of  a 
moving  stream  through  the  xylem.  The  commonly 
accepted  hypothesis  is  that  the  solution  moves  up  to  the 
developing  shoots  which  use  the  sugar  and  other  solutes  in 
their  growth,  but  it  is  not  clear  whether  the  disappearance 
precedes  or  is  a  result  of  the  flow.  The  evidence  is  fairly 
clear,  however  (Curtis,  19206),  that  the  developing  shoots 
are  not  dependent  on  food  stored  in  the  trunk,  and  the 
ringing  experiments  also  indicate  that  the  food  is  not 
carried  longitudinally  through  the  xylem.  It  would  seem 
more  likely  that  the  food  stored  in  the  xylem  is  moved  out 
radially  to  the  phloem  or  cambium,  and  that  it  largely 
disappears  from  the  xylem  vessels  before  the  transpiration 
stream  is  actively  moving. 

The  available  evidence  points  rather  clearly  to  the  sug- 
gestion that  the  occasional  high  sugar  content  of  the  xylem 
is  less  related  to  transport,  and  is  more  related  to  conditions 
influencing  the  ability  of  the  storage  cells  to  retain  their 
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carbohydrates.  The  investigators  mentioned  in  the  pre- 
ceding paragraph  found  the  xylem  sap  of  woody  plants  to 
fluctuate  inversely  with  the  temperature,  especially  increas- 
ing to  a  marked  degree  at  air  temperature  slightly  below  the 
freezing  point  of  water.  As  was  mentioned  in  Sec.  6,  many 
investigators  have  found  that  accumulated  starch  and  other 
carbohydrates  tend  to  be  changed  to  soluble  sugars  at 
these  low  temperatures.  With  this  formation  of  excess 
sugar,  possibly  also  associated  with  an  increase  in  perme- 
ability, the  cells  evidently  lose  carbohydrates  which  pass 
into  the  water-conducting  vessels.  As  the  temperature 
rises  again,  starch  seems  to  be  redeposited  and  sugar  may  be 
reabsorbed  into  the  Uving  cells.  The  disappearance  of 
sugar  from  the  xylem  vessels  as  the  temperature  rises  may 
therefore  be  entirely  unrelated  to  any  transport  through 
the  xylem. 

The  finding  of  appreciable  amounts  of  solutes  during  the 
limited  season  of  bleeding  is  not  very  strong  evidence  of 
transport  during  the  growing  season  when  bleeding  usually 
ceases.  It  is  true  that  Fischer  (1888)  and  Dixon  and 
Atkins  (1915  and  1916)  claimed  that  there  was  sugar 
present  in  the  xylem  vessels  in  midsummer  at  concentrations 
ranging  up  to  1  per  cent.  The  evidence  presented,  how- 
ever, is  far  from  conclusive  that  such  amounts  of  sugar  are 
actually  present  in  the  vessels  carrying  water.  Linsbauer 
(1920)  has  demonstrated  that  the  reduction  of  Fehling's  solu- 
tion observed  by  Fischer  was  probably  not  due  to  sugar  in  the 
cells  but  to  a  reducing  effect  of  the  cell  walls.  Dixon  and 
Ball  (1923),  when  they  determined  the  sugar  content 
of  the  sap  in  the  vessels  by  forcing  the  sap  out  by  high 
gas  pressures  on  the  leaves,  were  unable  to  find  sugars 
present.  It  seems  possible  that  the  rather  violent  treat- 
ment of  centrifuging  may  have  extracted  sap  from  living 
cells  or  from  tissues  not  carrying  water.  Dixon  and 
Atkins  (1916)  stated  that  the  question  is  open  as  to  how  far 
the  pigments  and  oxidases  that  they  found  in  the  sap 
obtained  by  centrifuging  are  normally  present  in  the 
transpiration  stream  of  uninjured  stems,  and  how  far  they 
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may  come  from  cells  injured  by  the  treatment.  If  the 
pigments  result  from  injury  to  the  cells,  it  is  highly  probable 
that  the  sugars  and  other  solutes  also  may  get  into  the  sap 
for  the  same  reason,  and  in  still  greater  quantities  because 
the  living  cells  are  so  rich  in  them. 
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Fig.  7. — Free  reducing  substances  and  sucrose  in  tracheal  sap  from  pear  branches. 

(From  Anderssen.) 

Anderssen  (1929)  has  determined  the  concentrations  of 
various  constituents  of  the  tracheal  sap  which  had  been 
obtained  by  gas  displacement  from  the  main  branches  of 
three-year-old  Bartlett  pear  and  Royal  apricot  trees  at 
various  seasons  during  the  year.  As  can  be  seen  from 
Fig.  7  (adapted  from  Fig.  6  of  the  paper  cited),  the  maxi- 
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mum  total  sugar  content  was  found  in  February,  and  the 
concentration  rapidly  decreased  and  became  so  depleted 
shortly  after  blooming  that  its  presence  was  not  detected. 
Sugar  was  not  again  found  in  measurable  amounts  until 
August,  from  which  time  it  gradually  increased  until  leaf 
fall.  It  is  noteworthy  that  even  at  the  maximum  the  total 
sugar  content  was  only  0.036  per  cent  (360  p.p.m.),  and  this 
was  found  before  there  could  have  been  an  actively  flowing 
transpiration  stream.  It  is  true  that  he  found  a  somewhat 
higher  concentration  in  the  outer  layers  when  radial  dis- 
tribution was  investigated,  but  even  the  maximum  here 
observed  was  only  0.05  per  cent  (500  p.p.m.)  and  was  found 
early  in  April  before  any  great  leaf  surface  or  transpirational 
area  could  have  been  developed.  From  February  to  May, 
the  period  of  maximum  sugar  content  in  the  outer  layers, 
the  concentration  averaged  only  0.04  per  cent.  Anderssen's 
suggestion,  therefore,  that  the  starch  in  the  inner  ring,  when 
hydrolyzed,  is  transferred  along  the  medullary  rays  and 
delivered  into  the  outer  tracheae,  and  the  implication  that 
the  xylem  is  an  important  channel  for  upward  transport  of 
sugar  find  but  little  support  in  the  evidence  given.  Mason 
and  Maskell  (1931,  p.  149;  1928a,  p.  235)  found  that  the 
tracheal  sap  obtained  from  the  cotton  stem  by  water 
displacement  contained  sugars  at  a  concentration  of 
0.0155  to  0.0443  per  cent  (155  to  443  p.p.m.).  This  is  of 
the  same  order  of  concentration  as  found  by  Anderssen,  yet 
their  experimental  data  rather  conclusively  demonstrate 
that  the  xylem  is  not  an  effective  channel  for  sugar  trans- 
port in  the  cotton  plant.  They  also  found  the  tracheal  sap 
of  cotton  to  contain  0.01216  per  cent  total  nitrogen, 
0.01164  per  cent  calcium,  and  0.00386  per  cent  phosphorus. 
The  presence  of  solutes  in  the  exudation  from  plants  at 
periods  when  guttation  is  taking  place  is  also  evidence  that 
the  vessels  contain  materials  in  solution.  The  concentra- 
tion of  this  exudate  is  approximately  the  same  as  that  of  the 
tracheal  sap.  Wilson  (1923)  found  the  exudate  from  maize 
seedlings  to  contain  as  high  as  0.1  per  cent  (1030  p.p.m.) 
total    solute,    and    timothy    to    contain    from    0.022    to 
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0.0573  per  cent  (220  to  573  p.p.m.)-  In  two  out  of  three 
sets  of  data  given,  the  organic  matter  greatly  exceeded  the 
inorganic.  Enzymes,  sugars,  nitrates,  and  nitrites  were 
identified  and  it  seems  that  the  concentration  and  com- 
position of  this  exudate  are  similar  to  those  obtained  from 
bleeding  vines. 

The  finding  of  inorganic  constituents  and  nitrogen  in 
tracheal  sap  seems  a  more  serious  difficulty  to  the  accept- 

Table  17. — Inorganic  Constituents  in  Tracheal  Sap  of  Pear  and  in 

THE  Soil  Extract 

{From  Anderssen  Table  I) 


Soil  extract,  Nov.  10 

Tracheal  sap 

18  in.  depth, 
p.p.m. 

36  in.  depth, 
p.p.m. 

Nov.  10, 
p.p.m. 

May  10, 
p.p.m. 

Ca         

18.0 

7.2 

140.9 

1.8 

37.2 

14.0 

1.0 

7.5 

5.4 
230.0 

1.0 
30.0 

9.5 
trace 

16.6 
0.8 

23.6 
1.0 
8.3 
3.2 

10.6 

84.7 

Me     

23.5 

K 

59.6 

Fe       

2.1 

SO4     

31.8 

CI     

4.5 

PO4 

25.2 

Totals     

220.1 

283.4 

64.1 

231.4 

,^ 

ance  of  the  phloem  hypothesis  than  is  that  of  finding  sugar. 
This  is  because,  relative  to  the  probable  amounts  used,  the 
inorganic  content  of  tracheal  sap  seems  higher  than  that  of 
sugar,  except  possibly  during  the  periods  when  the  sugar 
contents  are  extremely  high.  Wormall  (1924) ,  for  example, 
found  about  a  third  of  the  soUds  of  the  sap  from  bleeding 
grape  vines  to  be  inorganic  material.  Anderssen  (1929),  as 
shown  in  Table  17,  found  appreciable  quantities  of  inorganic 
ions  while  some,  in  fact,  were  present  at  concentrations  in 
excess  of  those  found  in  a  soil  extract.  In  Fig.  8  is  pre- 
sented a  curve  from  Anderssen  showing  changes  with  the 
season  in  conductivity  of  tracheal  sap  from  pears. 
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From  the  curve  it  is  fairly  clear  that  the  maximum  con- 
ductivity of  the  sap  is  found  shortly  after  full  bloom,  and 
probably  at  the  time  of  minimum  carbohydrate  content  of 
adjacent  parenchyma.  As  Anderssen  states,  this  is  a  time 
of  high  respiratory  activity  in  these  tissues.  It  is  likely, 
therefore,  that  carbohydrate  starvation  at  this  period 
makes  the  cells  incapable  of  retaining  their  solutes  which 
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Fig.   8. — The   specific   resistance   of   tracheal   sap   from   pear   branches.       (From 

Anderssen.) 

therefore  leach  into  the  xylem.  Transpiration  can  hardly 
be  taking  place  at  a  very  high  rate  at  this  time,  so  it  is  pos- 
sible there  is  no  great  amount  of  transport.  In  fact, 
Anderssen  states  that  leaves  begin  to  develop  at  or  shortly 
after  the  period  of  full  bloom.  Evidence  from  ringing 
experiments  clearly  demonstrates  some  transport  of  such 
solutes  in  the  transpiration  stream.  This  positive  evidence 
of  the  presence  of  solutes  in  the  tracheae  and  transport 
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through  the  xylem  has  not  demonstrated,  however,  that  the 
xylem  is  the  chief  channel  for  transport.  One  can  expect 
that  any  living  cell  will  lose  some  of  its  contents  to  a  bathing 
water  solution,  whether  the  latter  is  or  is  not  in  a  conducting 
channel.  That  the  transport  of  such  leachings  in  the 
transpiration  stream  is  normally  of  great  consequence  has 
not  been  demonstrated. 

24.  Evidence  from  Movement  Observed  after  Cutting  or 
Blocking  One  and  then  Another  of  the  Possible  Conducting 
Channels. — Although  the  methods  of  experimentation  and 
criteria  described  in  Chap.  IV  and  in  Sees.  20  to  23,  when 
uncritically  used,  point  strongly  toward  the  xylem  as  the 
effective  tissue  for  transport,  evidence  from  experiments 
reported  in  Sees.  4  to  9,  that  is,  when  first  one  tissue  and 
then  the  other  is  cut  or  blocked,  indicates  that  the  xylem  does 
not  carry  the  solutes  under  natural  conditions,  but  that  the 
phloem  can  and  does  carry  them. 

Of  course,  one  could  contend  that  cutting  first  one  tissue 
and  then  the  other  might  upset  normal  translocation  so 
that  materials  might  be  forced  into  new  channels  in  order  to 
pass  the  point  of  operation.  It  should  be  obvious,  however, 
that  movement  through  the  phloem  when  the  xylem  is  cut 
cannot  be  explained  in  this  way,  for  certainly  if  the  normal 
channel  is  the  xylem,  it  should  continue  movement  when 
the  phloem  alone  is  cut  and  the  xylem  is  uninjured.  I  have 
heard  it  frequently  stated  verbally  and  have  seen  it  at  least 
once  in  a  pubhcation  (Mason,  1922)  that  both  tissues  must 
be  necessary  or  that  the  phloem  must  be  present  to  help 
the  movement  through  the  xylem.  The  continued  move- 
ment when  the  xylem  is  completely  removed,  however, 
seems  definitely  to  refute  such  an  explanation. 

Although  it  has  been  conclusively  demonstrated,  by 
experiments  where  the  xylem  has  been  completely  severed 
or  the  phloem  has  been  isolated  from  the  xylem,  that  the 
phloem  is  capable  and  adequate,  for  carrying  both  inorganic 
and  organic  solutes  in  either  direction,  these  same  experi- 
ments do  not  conclusively  demonstrate  a  simultaneous 
transport  in  both  directions.     Until  this  point  is  cleared  up 
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and  the  mechanism  of  transport  through  the  phloem  is 
clearly  established,  one  is  not  justified  in  saying  that  the 
xylem  is  or  is  not  necessary  for  upward  transport  of  solutes 
of  one  sort  or  another. 

25.  Possible  Injury  to  the  Xylem  When  the  Phloem  Is 
Cut. — A  number  of  botanists  have  hesitated  to  accept  data 
obtained  from  ringing  experiments  because  they  have  felt 
that  ringing  has  had  an  effect  other  than  the  mere  severance 
of  a  possible  conducting  channel.  Dixon  (1922,  1924), 
for  example,  lightly  passes  over  all  of  the  evidence  based  on 
ringing  experiments  on  the  assumption  that  ringing  always 
results  in  some  sort  of  plugging  of  the  xylem.  However, 
he  depends  for  his  evidence  solely  upon  the  observations 
that  others  have  made  when  ring  wounds  were  not  pro- 
tected. In  the  earliest  experiments  that  I  carried  out  to 
determine  the  channel  of  upward  transfer  (Curtis,  1920a) 
it  became  evident  that  conduction  of  water  through  the 
xylem  was  interfered  with  by  drying  or  plugging  near  the 
ring  if  this  wound  were  not  thoroughly  protected  by  a 
layer  of  melted  paraffin  wax.  In  all  subsequent  series  the 
xylem  was  always  protected. 

When  the  xylem  was  well  protected,  no  indication  of 
even  partial  plugging  was  evident.  Various  methods  have 
been  used  to  test  for  plugging.  Ringed  parts  have  been 
sectioned  and  examined  under  the  microscope  and  these 
showed  no  sign  of  plugging,  whereas  unprotected  wounds 
showed  visible  plugging  of  the  underlying  xylem.  After 
the  effects  of  ringing  on  solute  transfer  have  become  evi- 
dent, as  measured  by  growth  responses,  carbohydrate 
analyses,  and  ash  and  nitrogen  analyses,  it  was  found  that 
introduced  dyes  readily  passed  the  region  of  the  ring. 
After  the  completion  of  ringing  experiments  of  this  sort, 
the  comparative  rates  of  flow  of  a  dye  solution  through 
ringed  and  check  stems,  when  both  led  from  the  same  main 
stems  forming  a  Y,  have  been  tested.  The  dye  (acid 
fuchsin)  was  found  to  pass  just  as  rapidly  into  and  through 
the  ringed  stem  as  through  the  other.  If  there  was  any 
increased  resistance  in  the  ringed  stem,  this  should  have 
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become  evident,  for  both  stems  were  in  competition  one 
with  the  other.  When  a  defoUated  shoot  is  isolated  by  a 
ring,  its  higher  water  content,  when  compared  with  a 
similar  defoliated  shoot  not  isolated  by  a  ring,  is  also  an 
indication  that  the  xylem  has  not  been  plugged  and  that 
water  has  moved  readily.  A  dye  injected  into  the  xylem 
below  such  a  ring  is  readily  carried  past  the  ring  (Curtis, 
1925). 

Gardner  (1925)  states  that  the  xylem  is  unavoidably 
injured  when  a  ring  is  made.  In  order  to  escape  the  injury 
attendant  on  ordinary  ringing,  he  scraped  away  the  cortex 
and  applied  a  7  per  cent  solution  of  potassium  hydroxide, 
which  was  supposed  to  kill  all  the  tissues  external  to  and 
including  the  cambium,  but  no  others.  Though  he  con- 
siders this  method  superior  to  other  methods  of  ringing, 
the  reasons  for  its  supposed  superiority  are  not  evident. 
It  may  be  true  that  he  found  less  injury  than  when  a  ring 
was  carelessly  made  by  a  knife  and  left  entirely  unpro- 
tected, but  there  is  certainly  no  necessity  for  causing  the 
knife  edge  to  penetrate  the  xylem  at  all,  and  a  coating  of 
warm  paraffin  wax  would  have  prevented  other  injury. 
It  is  rather  difficult  to  conceive  of  the  possibility  of  apply- 
ing strong  potassium  hydroxide  or  any  other  soluble 
material  to  the  outside  of  a  tissue  and  insure  its  penetra- 
tion in  sufficient  quantities  to  kill  the  cambium  without 
penetrating  any  farther.  Furthermore,  after  the  outer 
tissues  are  killed,  though  they  may  act  as  a  partly  protect- 
ing layer,  they  probably  do  not  protect  the  xylem  from 
loss  of  water  as  effectively  as  does  paraffin.  The  fact  that 
the  cambium  will  become  active  and  regenerate  new  tissues 
when  the  phloem  and  bark  are  removed  over  an  area 
several  centimeters  in  diameter,  if  it  had  been  immediately 
coated  with  warm  paraffin,  is  proof  that  loss  of  water  has 
not  been  excessive  and  that  the  heat  of  the  paraffin  was  not 
too  great. 

Swarbrick  (1927)  also  claims  that  ringing  inevitably 
injures  the  outer  layers  of  xylem.  The  injury,  however,  is 
undoubtedly    due    to    carelessness    and    can    be    entirely 


CRITERIA  AND  METHODS  127 

avoided.  He  reduced  the  injury  from  drying  by  covering 
the  wound  with  adhesive  tape,  but  in  comparing  the  two  I 
have  found  that  the  adhesive  tape  is  less  efficient  than 
paraffin.  Since  it  seems  probable  that  the  loss  of  water 
may  be  effectively  checked  by  the  tape,  it  may  be  the 
abnormal  aeration  or  the  presence  of  microorganisms  in 
the  space  below  the  tape  that  makes  this  method  of  protec- 
tion inferior,  Drinkard  and  Ingham  (1917)  found  that 
waxed  paper  or  adhesive  tape  were  fairly  effective  in  pre- 
venting the  drjdng  out  of  ring  wounds  and  in  promoting 
their  healing.  Various  paints,  tar,  and  even  grafting  wax 
that  was  softened  with  linseed  oil  all  proved  injurious. 
Healing  beneath  the  waxed  paper  was  still  further  pro- 
moted if  the  ring  wound  was  first  sterilized  with  a  saturated 
solution  of  saUcyhc  acid  or  10  per  cent  creohn.  Other  dis- 
infectants used  were  less  effective.  The  fact  that  healing 
was  better  when  evaporation  was  prevented  and  fungus 
growth  eliminated  by  disinfection,  would  indicate  that 
growth  of  microorganisms  may  have  injurious  effects.  No 
tests  were  made  in  which  warm  paraffin  was  directly 
applied  to  the  wound.  Wee  vers  (1928)  assumed  that 
cocoa  butter  was  better  than  paraffin  because  it  could  be 
applied  at  a  lower  temperature,  but  he  made  no  experi- 
mental comparison.  Since  its  melting  point  is  so  low,  it 
may  be  preferable  to  paraffin  in  certain  cases.  Mason 
and  Maskell  used  vaselin  to  protect  ring  wounds.  Though 
I  have  made  no  comparative  tests  with  ring  wounds,  I  did 
find  that  twigs  coated  with  vaselin  were  killed,  while 
similar  twigs  coated  with  melted  paraffin  were  uninjured 
(Curtis,  1918).  Anderssen  (1929)  states  that  ''Even 
though  the  ring  of  bark  is  removed  without  directly  injur- 
ing the  tracheae,  the  wounding  and  exposure  to  the  air  is 
sufficient  to  cause  injury  resulting  in  the  clogging  of  such 
tracheae  with  air  and  gums."  But  he  overlooks  the 
possibility  of  protecting  the  exposed  tissues  and  thus  pre- 
venting such  clogging. 

Summers  (1924)  has  made  measurements  of  water  loss 
from  ring  wounds  and  partly  explains  the  effects  of  ringing, 
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both  in  his  own  experiments  and  mine,  as  due  to  this  dry- 
ing. He  failed  to  recognize,  however,  that  as  all  the  ring 
wounds  were  protected  from  such  loss  in  the  experiments 
I  reported,  the  water  loss  was  not  a  factor,  and  yet  the 
behavior  under  similar  types  of  ringing  was  similar. 

It  is  surprising  how  frequently  possible  injury  to  the 
xylem  is  called  upon  to  explain  the  effects  of  ringing  on 
transport.  Yet  one-fourth  to  one-half  or  even  three- 
fourths  of  the  xylem  may  be  completely  severed  without 
any  appreciable  alteration  in  the  behavior  or  composition 
of  the  tissues  above,  if  a  small  part  of  the  phloem  also 
remains.  When  proper  precautions  are  used,  I  have  found 
that  the  resistance  to  flow  of  water  past  a  ring  is  not 
measurably  altered.  Gardner  (1925)  says,  "Ringing  evi- 
dently decreases  the  conducting  capacity  of  stems  in  some 
cases  as  much  as  45  per  cent,"  while  "The  bent  section 
shows  no  tendency  to  obstruct  the  passage  of  water." 
But  such  effects  are  not  evident  from  his  data.  As  a 
measure  of  the  resistance  he  determined  the  time  necessary 
to  force  2  cc.  of  water  through  the  stem  under  a  head  of 
4}^  ft.  of  water.  He  gives  such  measurements  for  flow 
through  pieces  of  equal  length  (usually  12  cm.)  from  upper, 
middle,  and  lower  parts  of  the  stems  of  the  pear.  This 
was  done  for  normal  stems,  ringed  stems,  and  bent  stems. 
For  ringed  and  bent  stems,  the  rings  or  bends  were  located 
in  the  middle  portion.  The  average  time  of  five  stems  for 
flow  in  the  middle  section  of  normal  shoots  was  9.95  min. 
and  for  the  lower  portion  8.74,  a  ratio  of  1.14  to  1.  For 
the  eight  bent  shoots  the  times  were,  respectively,  6.8  and 
5.1,  a  ratio  of  1.34  to  1.  In  the  ten  ringed  stems  the  times 
were,  respectively,  11.25  and  7.19,  a  ratio  of  1.57  to  1.  He 
says  half  of  the  ringed  stems  had  healed  over  completely. 
Leaving  the  five  stems  out  and  averaging  only  the  five 
that  did  not  heal  over,  the  average  times  were  10.9  and 
7.8,  a  ratio  of  1.40  to  1,  a  figure  very  like  those  of  the  normal 
or  bent  stems.  Gardner  evidently  compared  the  resistance 
of  the  middle  portion  to  that  of  the  part  above  the  ring 
but  this  is  not  a  safe  comparison  for,  as  he  says,  the  part 
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above  the  ring  had  increased  considerably  in  diameter  with 
a  corresponding  increase  in  conductive  capacity.  This 
even  exceeded  that  of  the  lower  part  of  the  stem  which,  in 
the  normal  stems,  has  the  highest  conductance  of  the  three 
parts.  One  would  hardly  be  justified  in  explaining  the 
change  in  relative  rates  of  flow  between  upper  and  middle 
parts  as  due  to  the  plugging  of  the  middle  part  by  a  ring, 
when  it  is  obvious  that  the  change  is  due  to  increased  con- 
ductance of  the  upper  part  and  not  to  a  decreased  conduct- 
ance of  the  middle  part.  Although  the  wounds  presumably 
were  not  protected,  the  increased  resistance  was  very 
slight  at  best. 

Maskell  and  Mason  (1929a)  also  mention  an  increased 
resistance  to  water  flow  resulting  from  ringing  and  they 
state  that  it  becomes  evident  about  14  hr.  after  ringing, 
but  they  imply  that  a  failure  of  the  leaves  of  ringed  plants 
to  maintain  a  normal  moisture  content  is  due  to  an  inter- 
ference in  water  transport;  whereas  a  change  in  moisture 
content  is  certain  to  result  from  a  failure  to  transport 
solids  from  the  leaf  and  there  may  be  not  the  slightest 
interference  in  water  flow.  Furthermore  they  used  vaselin 
as  a  protective  agent  which  I  have  found  to  be  injurious  to 
twigs,  and  it  has  not  been  demonstrated  to  be  harmless  as 
a  ring  wound  dressing. 

Even  if  further  investigations  demonstrate  conclusively 
that  partial  plugging  invariably  results  from  ringing,  the 
effect  is  at  most  slight  when  the  ring  wound  is  protected, 
and  especially  so  when  compared  to  deep  notching  or  the 
cutting  of  one-half  to  three-fourths  of  the  xylem,  and  yet 
when  the  xylem  is  injured  by  such  cutting,  there  seems  to 
be  a  relatively  slight  effect  on  transport.  When,  on  the 
other  hand,  the  phloem  is  completely  cut,  the  transport 
is  significantly  reduced.  Evidence  from  most  of  the  types 
of  ringing  experiments  here  reported  clearly  demonstrates 
that  a  narrow  bridge  of  phloem  is  adequate  for  almost 
normal  food  transport.  And  since  with  complete  ringing 
but  a  part  of  the  xylem  at  most  can  be  plugged,  because 
the  parts  above  show  no  signs  of  water  deficit,  it  seems 
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more  reasonable  to  interpret  the  experiment  as  proving 
that  the  narrow  bridge  of  phloem  is  carrying  the  sugar, 
nitrogen,  or  ash,  rather  than  that  it  is  preventing  a  stoppage 
in  the  xylem  and  thus  allowing  it  to  be  carried  in  the  narrow 
bridge  of  xylem. 

It  is  interesting  that  a  large  number  of  writers  unhesi- 
tatingly accept  the  evidence  from  ringing  experiments  to 
the  effect  that  organic  matter  is  carried  in  the  phloem  but 
balk  at  the  same  type  of  evidence  when  it  is  interpreted 
as  demonstrating  transport  of  salts  through  the  phloem. 

Although  I  am  convinced  that  the  hindrance  to  trans- 
port past  a  ring  is  not  due  to  increased  resistance  to  flow, 
the  criticism  still  remains  that,  possibly  through  an  indirect 
effect  of  accumulated  carbohydrates  on  transpiration,  the 
actual  rate  of  flow  through  ringed  stems  may  be  lessened. 
This  point  is  discussed  in  Sec.  13. 

Some  have  hesitated  to  accept  the  evidence  obtained 
from  ringing  experiments  because  they  felt  that  ringing 
has  altered  growth,  and  the  altered  growth  has  been  the 
cause  of  the  changed  solute  distribution,  not  the  result. 
Such  is  evidently  the  contention  of  Kastens  (1924),  Hooker 
(1924),  and  Swarbrick  (1927),  while  others  in  conversation 
have  expressed  similar  doubts.  It  seems  that  these  doubts 
are  really  due  to  the  fact  that  their  previous  assumptions 
were  wrong.  For  example,  Kastens,  assuming  that  solutes 
must  move  through  the  xylem,  because  the  phloem  seems 
inadequate,  explained  behavior  as  due  to  lack  of  specific 
hormones.  Hooker  (1924)  and  others,  assuming  that  salts 
and  nitrogen  must  be  carried  through  the  xylem,  explain 
the  deficiency  of  nutrients  above  the  ring  as  a  result  of  the 
poor  growth,  not  the  cause.  Hooker  evidently  overlooked 
the  fact  that  ringing  interferes  with  salt  and  nitrogen  move- 
ment not  only  in  the  cases  where  the  ringing  was  done 
before  shoot  growth  was  completed,  but  in  a  large  number 
of  cases  when  the  ringing  was  done  after  terminal  growth 
and  enlargement  of  leaves  had  ceased.  Some  seem  to  have 
in  mind  that  this  altered  growth  is  due  to  an  interference 
in    the    movement    of    ''hormones,"    or    "inhibitors"    or 
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"stimulators,"  or  to  an  interference  in  the  transmission 
of  "stimuli."  But  a  much  simpler  and  more  straight- 
forward explanation  that  fits  the  facts  and  does  not  require 
special  assumptions  is,  that  solute  movement,  in  both 
directions,  takes  place  chiefly  through  the  phloem  tissues. 
Therefore,  when  these  tissues  are  cut,  the  normal  movement 
of  these  solutes  is  interfered  with,  and  growth  changes 
result.  I  do  not  deny  the  possibility  that  some  stimulus 
may  be  transmitted  through  the  phloem  or  other  tissues, 
or  that  hormones  may  be  transported  through  them,  or 
that  some  such  stimulus  or  hormone  may  influence  growth 
and  solute  distribution.  The  evidence  seems  clear,  how- 
ever, that  certain  solutes  are  carried  chiefly  through  the 
phloem  and  that  the  distribution  of  these  solutes  may  be 
the  factor  determining  the  nature  and  extent  of  the  growth. 
That  growth  may  in  turn  influence  the  distribution  of 
solutes  is  also  clear,  and  the  possible  interrelation  of  the 
two  is  discussed  in  Sees.  41  and  42. 

SUMMARY 

20.  It  is  not  safe  to  interpret  movements  of  solutions  that  are  introduced 
into  cut  tissues  as  indicative  of  normal  movements.  Any  one  or  more  of 
the  following  phenomena:  the  direction  of  movement,  rate  of  movement, 
type  of  substance  moving  (liquid,  gas,  or  solute),  and  method  of  movement 
(that  is,  the  forces  concerned)  may  be  different  from  what  was  naturally 
taking  place  before  the  substance  was  injected.  Movements  of  solutions 
and  gases  that  have  been  observed  in  the  xylem  of  cut  or  mjected  stems, 
therefore,  may  be  highly  misleading  and  cannot  safely  be  interpreted  as 
indicating  normal  movements.  For  similar  reasons,  a  failure  to  obtain 
flow  through  the  phloem  tissue,  by  methods  that  are  successful  in  causing 
flow  through  the  xylem,  need  not  preclude  the  possibility  of  rapid  movement 
through  these  tissues. 

21.  When  intact  plants  are  placed  in  certain  solutions,  especiallj^  solu- 
tions of  eosin  and  of  lithium  salts,  it  has  been  found  that  these  solutes  are 
rapidly  carried  through  the  xylem.  The  eosin  probably  travels  through 
the  xylem  because  it  is  toxic  and  injures  the  living  cells  which  might  other- 
wise prevent  its  entrance  into  the  transpiration  stream.  The  use  of  lithium 
is  criticized  on  the  grounds  that  it  may  alter  the  permeability  of  the  cells, 
that  it  has  been  used  as  a  quahtative  test  not  as  a  quantitative  test,  and 
that  its  behavior  may  be  different  from  that  of  most  of  the  normally  occur- 
ring solutes. 

22.  Tests  for  deposits  of  dyes  or  specific  elements  in  cells  or  on  walls  of 
certain  tissues  have  been  taken  as  proof  of  transport  through  that  region. 
Some  have  cited  this  as  proof  of  transport  through  the  lumen  of  the  cells 
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stained  and  others  that  the  transport  has  been  along  the  wall  itself.  Such 
deposits  clearly  demonstrate  the  arrival  of  the  material,  but  they  do  not 
demonstrate  that  those  cells  or  tissues  are  concerned  in  transport.  In 
fact,  deposits  in  nonmoving  parts  of  the  cell  seem  more  strongly  to  point  to 
ineffectiveness  of  that  tissue  as  a  path  of  transport. 

23.  Sugars,  organic  acids,  organic  forms  of  nitrogen,  and  many  inorganic 
elements  have  been  found  in  the  sap  exuding  from  cut  stems,  or  in  that 
forced  out  of  the  xylem  by  various  means.  This  has  been  cited  as  proof 
that  the  xylem  is  the  channel  through  which  these  materials  are  naturally 
carried.  These  materials,  however,  seem  especially  abundant  at  seasons 
when  the  plants  are  leafless  and  may  largely  disappear  through  absorption 
by  hving  cells  before  there  is  an  active  transpiration  stream.  The  finding 
of  these  small  amounts  in  the  xylem  sap  probably  accounts  for  the  transport 
that  has  been  demonstrated  to  take  place  through  the  xylem,  but  it  does 
not  prove  that  the  wood  is  the  major  path  of  transport. 

24.  Experiments,  in  which  first  one  possible  channel  and  then  the  other 
is  cut,  result  in  little  or  no  transport  of  naturally  occurring  solutes  when  the 
phloem  is  cut,  and  transport  at  approximately  normal  rates  when  the  xylem 
is  cut.  This  method  of  experimentation  is  not  open  to  the  criticisms  that 
apply  to  methods  where  attempts  are  made  to  force  solutions  through  the 
tissues  that  might  be  supposed  to  carry  the  materials  and  which  have  been 
cut  open  to  admit  the  material  used  in  testing.  Although  it  has  been 
clearly  demonstrated  that  the  phloem  can  carry  both  organic  and  inorganic 
solutes  in  either  direction,  it  has  not  been  conclusively  demonstrated  that 
movement  in  both  directions  is  simultaneous. 

25.  Many  have  doubted  the  evidence  for  transport  through  the  phloem 
that  is  based  on  ringing  experiments  because  they  have  felt  that  ringing  has 
resulted  in  a  plugging  of  the  xylem.  Although  plugging  may  result  from 
ringing,  it  has  been  found  that  careful  protection  of  the  ring  wound  with 
melted  paraffin  may  entirely  prevent  such  stoppage.  Although  definitely 
sought  for,  no  evidence  was  obtained  indicating  that  plugging  might  have 
been  responsible  for  the  responses  obtained.  Several  have  claimed  that 
injury  to  the  xylem  is  unavoidable  but  the  evidence  supporting  such  claim 
is  weak  and  in  several  cases  is  shown  to  be  definitely  unsound.  Even  if 
partial  stoppage  were  demonstrated  always  to  occur,  this  can  hardly  account 
for  the  marked  reduction  in  solute  transport  following  ringing,  for  the 
stoppage  cannot  be  complete  if  the  parts  above  continue  to  receive  adequate 
water.  It  is  rather  surprising  to  find  that  many  individuals  unhesitatingly 
accept  the  evidence  from  ringing  experiments  when  it  shows  a  reduced  sugar 
movement,  but  when  similar  evidence  from  similar  ringing  experiments 
points  to  a  check  in  movement  of  nitrogen  or  ash,  it  is  assumed  to  be  false 
and  due  to  plugging  of  the  xylem. 


CHAPTER  VI 
THE  METHOD  OF  MOVEMENT  THROUGH  THE  PHLOEM 

26.  Peculiarities  of  the  System. — Although  it  has  long 
been  recognized  that  solute  translocation,  at  least  the 
backward  translocation  from  the  leaves,  takes  place 
through  the  phloem,  until  recently  very  little  attention 
has  been  given  to  a  consideration  of  the  possible  mechanism 
of  this  transfer.  Since  the  structures  of  the  xylem  and  the 
phloem  tissues  are  so  very  different,  it  is  obvious  that  the 
methods  by  which  materials  are  moved  through  the  tissues 
are  also  probably  different.  Any  hypothesis  explaining 
the  mechanism  of  solute  movement  must  therefore  be 
adapted  to  the  tissue  concerned. 

Because  of  the  rigid  walls  of  the  xylem  conduits,  water 
and  solutions  are  readily  moved  through  it  by  differences 
in  tension  or  pressure  initiated  at  either  end  of  the  system, 
but  it  appears  impossible  by  similar  methods  to  force 
solutions,  or  even  pure  water,  through  the  phloem  at 
adequate  rates,  even  though  the  cells  form  a  continuous 
longitudinal  series.  This  is  probably  due  to  the  fact  that 
the  phloem  cells  have  small  lumina  with  nonrigid,  perhaps 
somewhat  elastic  side  walls;  are  connected,  one  cell  to 
the  next,  by  rather  minute  pores  which  may  be  completely 
filled  with  protoplasm;  contain  living  protoplasm;  and 
probably  have  a  high  content  of  rather  viscous,  colloidal 
material.  A  pressure  or  suction  applied  externally  at  one 
or  the  other  end  can  be  expected,  therefore,  to  be  ineffective 
in  forcing  solution  through  the  system. 

Birch-Hirschfeld  (1920),  whose  findings  have  already 
been  discussed  in  some  detail  in  Sec.  16,  has  demonstrated 
that  it  is  impossible  to  force  water  or  solutions  through 
phloem  tissues  by  methods  that  are  easily  successful  in 
forcing  solutions  through  the  xylem.     This  experimental 
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evidence  and  the  fact  that  the  sieve  tubes  have  a  high 
content  of  colloidal  material,  part  of  which  may  be  very 
viscous,  seemed  to  preclude  the  possibility  of  a  unilateral 
mass  flow  of  sieve-tube  contents. 

It  is  possible,  however,  that  the  conditions  necessary  for 
such  a  flow  have  not  been  met  experimentally.  Birch- 
Hirschfeld  attempted  to  draw  solutions  through  phloem 
strips  by  causing  rapid  evaporation  from  the  leaves.  This, 
however,  would  tend  to  place  the  water  columns  under 
tension,  and  although  water  would  tend  to  be  drawn  from 
the  phloem  and  thus  put  its  contents  also  under  reduced 
pressure  or  even  tension,  it  would  not  insure  a  pressure 
gradient  through  the  phloem.  In  experiments  with  stems 
of  Philadelphus,  from  which  the  xylem  was  cut  out  and  the 
phloem  left  intact,  I  was  not  successful  in  drawing  dye 
solutions  by  suction  through  the  region  lacking  xylem 
(Curtis,  1925).  In  a  later  experiment  with  Rhus,  however, 
it  was  found  possible  by  the  same  method  of  suction  to 
draw  a  dye  solution  through  the  region  lacking  xylem  but 
this  movement  seemed  to  be  limited  to  the  latex  tubes. 
It  seems  that  sieve  tubes  have  rather  pliable  and  non- 
rigid  walls,  very  different  from  those  of  the  xylem.  An 
attempt  to  force  liquids  through  such  tubes  by  methods 
used  by  Birch-Hirschfeld,  or  by  cutting  across  them  and 
applying  solutions  under  pressure  at  one  end,  may  fail 
largely  because  of  this  lack  of  rigidity.  Any  one  who  has 
attempted  to  force  liquid  or  gas  by  either  pressure  or 
suction  through  such  a  nonrigid,  thin-walled,  rubber  tube 
will  recognize  how  such  flexibility,  allowing  for  the  collapse 
of  the  tube,  may  be  the  chief  difficulty  that  can  be  over- 
come only  by  using  some  method  to  hold  the  tube  open. 
Dixon  (1933)  by  using  higher  pressures  than  have  previ- 
ously been  used,  that  is  about  3  atmospheres,  has  reported 
injection  into  sieve  tubes  for  distances  up  to  about  a 
centimeter. 

A  normal  sieve  tube  with  its  high  solute  content  is  likely 
to  be  highly  turgid  and  distended  by  the  internal  turgor 
pressure   which  will,   of  course,   be   dissipated   when  the 
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tube  is  cut.  It  is  even  possible  that  the  walls  are  suffi- 
ciently elastic  and  the  internal  pressures  so  great  that 
ordinary  mounts  of  phloem  tissues  give  a  decidedly  wrong 
impression  as  to  the  normal  size  of  the  sieve-tube  lumen, 
the  thickness  of  its  walls,  and  the  size  of  the  sieve  pores. 
Crafts  (1932)  has  recently  observed  that  the  supposedly 
large  pores  that  have  been  described  in  sieve  plates  of 
Cucurhita  are  not  large  pores  but  extremely  minute  pores 
less  than  2/x  in  diameter  and  seemingly  completely  filled 
with  protoplasm.  Schmidt  (1917)  also  failed  to  find  pores 
through  the  sieve  plates.  What  has  appeared  as  large 
pores,  Crafts  finds  in  his  fresh  specimens  to  be  callose 
masses  which  may  have  been  dissolved  out  by  fixing 
reagents  or  which  may  have  appeared  as  pores  because 
of  lack  of  staining  or  improper  focus.  Although  Crafts 
has  failed  to  find  real  pores  of  the  size  that  have  been 
assumed  to  be  present  in  sieve  plates,  the  fact  remains 
that  in  making  mounts  for  observation  the  phloem  system 
has  always  been  cut  into  and  high  internal  pressures  have 
been  released  so  that  perhaps  no  one  has  yet  observed 
sieve  tubes  and  plates  in  their  normal,  distended  condition. 
Although  externally  applied  pressure  or  suction  has 
failed  to  cause  appreciable  flow  through  phloem  tissues, 
there  is  fairly  clear  evidence  that  internally  applied  pres- 
sure may,  and  at  times  does,  cause  considerable  flow.  For 
example,  many  plants  will  show  an  exudation  from  the 
phloem  when  that  tissue  is  cut  (Hartig,  1860,  1861 ;  Miinch, 
1930;  and  many  others).  The  volume  of  exudate  is  so 
great  that  much  of  it  must  have  passed  longitudinally 
through  the  phloem  for  a  considerable  distance  (Crafts, 
1931;  Dixon,  1933;  and  others).  Therefore  internally 
applied  pressures  are  capable  of  forcing  materials  through 
the  seemingly  impervious  phloem.  Furthermore  this  offers 
rather  conclusive  proof  that  either  the  pores  of  the  sieve 
plates  are  actually  open  and  allow  for  mass  flow  of  solution 
through  them  or  that  Crafts  (1931)  is  correct  in  his  sug- 
gestion that  such  flow  occurs  within  the  cell  walls  them- 
selves. The  former  alternative  seems  to  me  much  more 
likely. 
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Any  hypothesis  explaining  transport  through  the  phloem 
must  take  into  consideration  not  only  the  structures  of  the 
system  through  which  transport  takes  place  but  also  it 
should  be  adequate  to  account  for  movement  of  carbo- 
hydrates at  rates  which  actually  obtain.  A  number  of 
investigators,  especially  Birch-Hirschfeld  (1920),  Dixon 
(1922),  Mason  and  Lewin  (1926),  Tincker  (1928),  and 
Crafts  (1932,  1933)  have  reported  calculations  of  rates  at 
which  materials  must  be  transported. 

Although  until  recently  (Miinch  1926,  1927,  1930)  no 
adequate  mechanism  has  been  proposed  to  account  for 
unidirectional  mass  flow  of  solutions  through  the  phloem, 
it  has  been  tacitly  assumed  by  many  botanists  that  such 
movement  of  phloem  contents  does  take  place.  Others 
have  definitely  stated,  or  at  least  implied,  that  diffusion 
accounts  for  the  transfer  through  the  phloem,  but  move- 
ment by  diffusion  alone  would  be  altogether  too  slow  to 
account  for  transport  at  the  usual  rates. 

27.  Older  Hypotheses  and  Suggestions. — Hartig  (1858, 
1860,  1861)  had  observed  exudation  from  cut  phloem  and 
assumed  that  there  was  a  mass  flow  of  sieve-tube  contents. 
NageU  (1861)  agreed  with  this  and  suggested  that  pressures 
of  neighboring  cells  caused  the  flow.  Others  suggested 
that  bending  movements  brought  about  by  winds  would 
favor  such  flow.  Sachs  (1863)  thought  proteins  might 
move  by  such  a  pressure  flow  but  that  sugars  moved 
principally  through  parenchyma  cells  by  diffusion.  This 
idea  of  diffusional  flow  through  parenchyma  was  supported 
by  Schimper  (1885).  Although  deVries  as  early  as  1885 
pointed  out  the  complete  inadequacy  of  diffusion  alone  to 
account  for  movement,  others  have  stated  or  implied  that 
it  was  adequate.  Rywosch  (1908,  1909,  1911)  attempted 
to  support  the  diffusion  hypothesis,  but  the  evidence 
presented  is  based  largely  on  gradients  in  disappearance 
or  reappearance  of  starch,  and  to  support  it,  phenomena 
are  cited  which  bear  no  relation  to  diffusion  gradients. 
Furthermore,  although  in  the  1911  paper  evidence  is 
given  indicating  that  diffusion  of  glucose  from  a  cell  may 
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be  hastened  by  the  presence  of  sucrose,  the  main  criticism 
of  the  inadequacy  of  diffusion  alone  is  not  met.  DeVries 
(1885)  presented  calculations  of  Stefan  who  had  estimated 
that  by  diffusion  alone  it  would  take  319  days  for  1  mg. 
of  sodium  chloride,  one  of  the  most  rapidly  diffusing 
salts,  to  move  a  distance  of  1  m.  from  a  10  per  cent  solu- 
tion. This  calculation  was  based  on  the  assumption  of  a 
column  of  pure  water  at  the  beginning  into  which  the  salt 
was  diffusing.  Similar  calculations  indicated  that  for  a 
similar  quantity  of  sugar  to  diffuse  the  same  distance  under 
similar  conditions  it  would  take  2  years  and  7  months 
and  for  a  soluble  protein  14  years.  Of  course,  after  the 
solute  has  established  a  gradient  over  the  distance  and 
if  the  concentration  is  maintained  at  zero  at  the  meter 
distance  and  a  steady  state  of  diffusion  obtains,  then 
sucrose,  according  to  Fick's  law,  should  pass  the  plane  a 
meter  distant  from  a  10  per  cent  solution  at  the  rate  of 
1  mg.  in  about  10  hr.  (595  min.).  This,  however,  is  too 
slow  to  account  for  normal  solute  movement.  DeVries 
observed  active  streaming,  of  both  the  circulation  and 
rotation  types,  in  the  companion  cells  and  parenchyma 
of  the  phloem  of  a  number  of  different  kinds  of  plants  and 
suggested  that  the  streaming  might  account  for  a  much 
more  rapid  movement  than  would  occur  if  restricted  to 
diffusion.  Hartig  (1858)  had  previously  suggested  that 
the  movement  of  protoplasm  which  he  had  observed  in 
living  cells  might  actually  be  the  moving  nutritive  sap. 
Velten  also  (1872)  had  observed  and  described  streaming 
in  sieve  tubes  and  many  other  types  of  living  cells.  This 
hypothesis  seems  to  have  been  largely  discarded  after  a 
few  years  when  investigators  failed  in  attempts  to  observe 
streaming  in  mature  sieve  tubes. 

A  few  years  later  Lecomte  (1889)  stated  that  no  problem 
is  more  important  to  the  life  of  the  plant  than  transloca- 
tion and  none  has  been  more  neglected  by  botanists.  In 
explaining  the  possible  mechanism  of  transport  he  stated 
that  he  had  observed  streaming  of  a  rotational  type, 
passing  from  one  end  of  the  cell  to  the  other  in  young 
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cells,  but  in  older  cells,  when  the  protoplasm  is  limited 
to  a  parietal  layer,  this  type  of  activity  ceases.  He 
opposed  the  views  of  Sachs  and  Van  Tieghem  that  the 
protoplasm  is  dead  and  the  sieve  tubes  are  merely  passive, 
but  he  considered  that  the  tubes  are  physiologically  active 
in  the  transport  of  materials,  and  he  thought  that,  at 
least  in  those  forms  with  open  pores  between  the  cells, 
there  is  a  mass  movement  of  albuminous  material  from 
one  cell  to  another  in  one  direction.  He  pictured  sieve 
tubes  of  several  plants  showing  droplets  passing  through 
the  pores  from  one  sieve-tube  segment  to  another.  He 
described  several  as  passing  toward  the  base  of  a  plant, 
but  in  a  young  subterranean  shoot  of  Rubus  idaeus  the 
position  of  the  globules  indicated  a  movement  toward  the 
apex.  In  a  long  branch  rooted  at  the  tip  the  position 
of  the  globules  indicated  a  movement  toward  the  base 
of  the  mother  plant  in  the  main  part  of  the  branch,  but 
near  the  tip  the  direction  of  movement  was  toward  the 
newly  developing  roots.  Though  he  observed  streaming 
in  companion  cells  and  young  sieve  tubes  and  emphasized 
the  importance  of  diffusion  between  cells,  he  evidently 
considered  that  the  movement  in  mature  sieve  tubes  is 
by  mass  flow  chiefly  in  one  direction,  and  not  of  the  circu- 
lation or  cyclosis  type.  He  considered  that  the  high 
turgor  in  the  sieve  tubes,  changes  in  temperature,  and  the 
removal  of  translocated  material  in  the  growing  and 
storage  regions  are  of  importance  in  favoring  rapid  diffusion 
and  increased  mass  movement  of  these  substances.  It 
is  worth  noting  that,  in  his  figures  (Figs.  3,  5,  7,  Plate  21), 
which  show  this  mass  movement  of  cell  contents  through 
pores,  the  protoplasm  is  strongly  retracted  from  the  lateral 
walls  of  the  sieve  tube.  This  would  indicate  a  collapse 
due  to  the  treatment,  which  might  also  easily  account 
for  an  abnormal  squeezing  of  the  contents  through  the 
pores.  In  order  to  relieve  the  internal  pressures  and 
prevent  this  flow  in  some  cases  he  cut  and  mounted  the 
material  in  3  to  5  per  cent  sugar  solutions.  Although 
such   treatment    may   somewhat    reduce    the    rapid    flow 
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resulting  from  cutting,  it  could  not  completely  obviate 
abnormal  pressure  changes.  It  is  also  interesting  that 
in  the  same  drawing  he  has  indicated  by  arrows  the  stream- 
ing of  protoplasm  in  the  companion  cells,  and  these  cells 
do  not  appear  collapsed  or  plasmolyzed. 

Though  Lecomte  considered  this  squeezing  of  albuminous 
globules  through  the  sieve  pores  as  an  indication  of  normal 
movement,  he  clearly  recognized  that  cutting  may  cause 
an  abnormal  flow  for  considerable  distances.  For  example, 
he  discusses  the  work  of  Fischer  (1885)  who  demonstrated 
that  the  appearance  of  the  slime  plug  on  one  side  of  the 
sieve  plate  was  an  artifact  due  to  cutting  or  other  injury, 
and  he  states  that  such  an  efTect  of  cutting  may  be  evident 
at  a  distance  of  2  to  12  cm.  in  the  petiole  of  Cucurbita. 
Whether  Lecomte's  observations  and  drawings  represent 
a  real  and  normal  unidirectional  flow  of  sieve-tube  contents 
or  whether  the  apparent  flow  resulted  from  the  method 
of  treatment,  cannot  be  settled  from  the  evidence  now 
available.  I  am  of  the  opinion,  however,  that  it  is  not  a 
normal  condition. 

Several  had  suggested  that  protoplasmic  connections 
or  plasmodesma  are  of  importance  in  transmitting  stimuli 
of  one  sort  or  another.  Kienitz-Gerloff  (1891)  accepted 
these  and  suggested  further  that  the  plasmodesma  serve 
as  a  path  for  rapid  transfer  from  cell  to  cell  of  protoplasm, 
colloidal  material  and  soluble  materials  of  large  molecular 
size,  and  although  he  seemed  to  think  that  most  soluble 
materials,  including  sugars,  could  pass  readily  through 
plasmatic  membranes,  his  suggestion  as  to  the  path  of 
transfer  is  valuable,  even  if  one  does  not  accept  his  sug- 
gestion as  to  mass  flow.  It  has  long  been  recognized  and 
repeatedly  demonstrated  that  plasma  membranes  are 
relatively  impermeable  to  many  solutes,  especially  sugars 
and  even  simple  salts  and  ions.  Steward  (1930)  has 
clearly  demonstrated  this  low  permeability  of  living  cells 
to  sugars.  The  presence  of  plasmodesma,  however,  form- 
ing connections  between  living  cells,  would  allow  for  ready 
exchange  between  them  without  necessitating  a  movement 
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through  surface  membranes,  whereas  a  surface  membrane 
would  interfere  with  such  movement  between  the  same 
cells  and  nonliving,  water-conducting  cells  or  any  sur- 
rounding solution.  This  may  explain  the  seeming  contra- 
diction that  living  cells  are  only  slightly  permeable  to 
sugars  and  yet  sugars  must  move  readily  and  rapidly  from 
cell  to  cell  within  the  plant. 

On  the  other  hand,  Weevers  (1931)  has  recently  claimed 
that  the  low  permeability  to  sugars  of  the  outer  plasma 
membrane  has  been  overstressed.  He  thinks  that  the 
low  permeability  is  chiefly  restricted  to  the  tonoplast  or 
vacuolar  membrane  and  that  methods  used  which  show 
low  permeability  involve  permeabiUty  of  this  inner  mem- 
brane and  not  of  the  outer  one.  The  rapidity  with  which 
yeast  absorbs  and  ferments  sugar  and  the  readiness  with 
which  algae  and  leaf  parenchyma  tissues  store  starch  when 
floated  on  sugar,  he  cites  as  evidence  of  rather  high  per- 
meability of  the  outer  membrane  to  sugar.  Fungi  and 
bacteria  obviously  must  necessarily  receive  all  their 
organic  solutes  through  surface  membranes  and  may  have 
a  different  type  of  surface  membrane,  but  with  chlorophyll- 
bearing  organisms  this  surface  membrane  seems  to  be 
much  less  permeable.  It  is  true  that  parenchyma  tissues 
can  absorb  sugar  from  bathing  solutions  or  lose  it  to  them, 
but  the  indications  are  that  the  rate  of  this  absorption 
or  loss  through  the  surface  membrane  is  much  less  than 
the  absorption  by  storage  tissues  connected  by  living 
cells  to  supplying  tissues,  or  the  loss  from  the  supplying 
tissues  to  receiving  ones. 

It  is  possible,  on  the  other  hand,  that  the  differences  in 
rates  of  exchanges  between  living  cells  and  those  between 
living  cells  and  a  nonliving  environment  are  not  related 
to  differences  in  permeability  but  to  relative  surfaces 
exposed.  There  is  evidence  also  that  the  conditions  of 
aeration  may  partly  account  for  slow  movement  to  or  from 
a  bathing  solution.  Puriewitsch  (1898)  and  Griinfeld 
(1926)  have  found  that  emptying  and  refilling  of  endo- 
sperms   and    cotyledons    are    dependent    upon    favorable 
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aeration  and  Parkin  (1899)  has  found  that  sugar  absorption, 
as  tested  by  starch  deposition  in  leaf  tissues  floated  on 
sugar  solution,  is  dependent  upon  adequate  aeration. 

I  am  of  the  opinion  that  outer  plasmatic  membranes  are 
relatively  impermeable  to  sugars  and  that  the  plasmodesma 
offer  ready  channels  through  which  diffusion  from  cell  to 
cell  may  take  place  without  passage  through  surface 
membranes.  Kienitz-Gerloff  considered  that  moving  pro- 
toplasm is  concerned  in  actually  carrying  organic  material 
from  cell  to  cell  in  all  parts  of  the  plant  and  that  such  flow 
is  not  restricted  to  sieve  tubes  where  connections  from 
segment  to  segment  are  relatively  coarse.  He  claimed 
to  have  demonstrated  that,  with  the  exception  of  guard 
cells,  all  parts  of  a  given  individual  are  interconnected 
by  plasmatic  strands  thus  forming  a  single  unified  organism. 
He  stated  that  movement  seems  not  impossible,  for  the 
strands  in  many  cases  are  no  finer  than  the  visibly  moving 
strands  in  the  hairs  of  Cucurbita.  He  suggested  that 
protoplasmic  contents  may  actually  be  withdrawn  through 
these  connections  from  maturing  vessels,  sclerenchyma 
fibers,  and  cork  cells  and  that  the  autumnal  emptying  of 
leaves  takes  place  largely  through  these  connections.  The 
failure  of  guard  cells  to  empty  when  placed  in  the  dark  or 
during  autumnal  emptying,  he  explained  as  due  to  the 
complete  absence  of  these  connections.  In  a  later  paper 
(1902)  he  reported  the  finding  of  plasmodesma  in  guard 
cells  thus  confirming  the  observations  of  several  others 
who  had  reported  them  subsequent  to  his  earlier  paper.  It 
seems  significant  that  the  plasmodesma  when  found  in 
guard  cells  are  restricted  to  pits  and  are  not  scattered  over 
the  surface  as  in  ordinary  epidermal  or  parenchyma  cells. 
His  contention  that  protoplasm  actually  moves  through 
the  plasmodesma  seems  not  to  have  been  accepted  but 
on  the  contrary  has  been  specifically  denied.  I  am  of  the 
opinion,  however,  that  it  is  definitely  worth  reinvestigating. 
Miehe  (1901)  has  reported  the  movement  of  nuclei  and 
protoplasm  through  plasmodesma  in  response  to  wound 
stimuh.     Miinch  (1930)  (see  Sec.  28)  assumes  that  there 
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is  a  mass  flow  through  these  plasmodesma  which  is  due 
to  a  turgor  pressure  gradient,  but  he  seems  to  consider  it  a 
flow  of  food  solution  and  not  protoplasm.  For  a  con- 
siderable period  since  the  time  of  Lecomte's  papers  no 
great  attention  was  directed  toward  solution  of  the  problem 
concerning  the  mechanism  of  transport. 

Mangham  (1917)  suggested  a  hypothesis  by  which  he 
attempted  to  explain  the  movement  of  sugars  through 
phloem  cells  as  if  it  were  controlled  by  adsorption.  He 
pointed  out  the  probable  continuity  of  colloidal  proto- 
plasmic material  from  sieve  tube  to  sieve  tube  through 
the  sieve  pores  and  between  these  and  other  cells  through 
plasmodesma.  Then,  recognizing  the  fact  of  a  dynamic 
equilibrium  between  adsorbing  colloidal  material  and  an 
adsorbed  substance,  he  suggested  that  the  removal  of 
sugar  molecules  from  the  adsorbent  in  a  receiving  cell 
would  upset  this  equilibrium  and  result  in  a  disturbance 
which  would  be  propagated  as  a  wave  of  readjustment 
through  the  continuous  mass  of  colloidal  material  thus 
tending  to  move  the  sugar  along  such  a  mass  through  its 
entire  length.  He  suggested  that  the  rate  of  propagation 
of  this  wave  would  depend  upon  the  degree  of  approxima- 
tion of  the  adsorbing  particles.  Maugham's  hypothesis 
is,  however,  based  on  a  wrong  assumption,  for  he  failed  to 
realize  the  fact,  that  adsorbed  molecules  are  not  attracted 
to  the  adsorbent  from  a  distance  but  diffuse  to  the  surface, 
and  that  they  would  be  hindered  in  their  movement  by  a 
stationary  adsorbent  and  not  hastened.  When  a  molecule 
or  ion  is  adsorbed  by  a  colloidal  mass,  its  diffusion  through 
that  mass  tends  to  be  retarded  and  not  accelerated  as 
can  be  easily  demonstrated  in  experiments  on  the  relative 
rates  of  movement  of  adsorbed  and  nonadsorbed  solutes 
through  gelatin,  agar,  filter  paper,  and  such  colloidal 
masses.  Kidd  (1918)  has  published  a  short  note  criticizing 
Maugham's  interpretation. 

One  distinctly  valuable  suggestion  of  Maugham's  is  that 
offering  an  explanation  for  a  rapid  interchange  of  materials, 
such  as  sugars,  between  one  living  cell  and  another,  whereas 
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an  interchange,  either  absorption  or  loss,  between  a  Uving 
cell  and  neighboring  dead  cells  or  the  external  environment 
is  extremely  slow.  This  movement  through  plasmodesma 
was  previously  suggested  by  Kienitz-Gerloff  (1891),  though 
the  latter  did  not  emphasize  the  low  permeabiUty  of  sur- 
face membranes  to  sugars.  This  is  a  highly  important 
suggestion  of  Maugham's,  even  though  the  mechanism 
that  he  proposed  to  account  for  the  actual  movement  is 
untenable.  Although  Mangham  implied  adsorption  on  a 
stationary  colloidal  surface,  it  requires  no  great  alteration 
of  his  adsorption  hypothesis  to  adapt  it  to  adsorption 
at  an  interface  between  liquids  where  the  material  is 
actually  carried  in  the  moving  film.  As  thus  modified,  the 
hypothesis  is  far  from  untenable  and  would  agree  with 
the  protoplasmic  streaming  hypothesis  or  a  modification 
of  it  suggested  by  Van  den  Honert  (1932)  (see  Sec.  37). 

28.  The  Hypothesis  of  Munch.— Munch  (1926,  1927, 
1930)  has  recently  revived  the  hypothesis  that  there  is  a 
unidirectional  mass  flow  of  sieve-tube  contents  which  is 
due  entirely  to  a  fall  in  pressure  in  one  direction.  Though 
there  are  some  very  serious  and  perhaps  insurmountable 
weaknesses  in  the  hypothesis,  there  are  a  number  of  points 
that  strongly  favor  it.  His  hypothesis  is  based  funda- 
mentally on  the  fact  first  stated  by  Pfeffer  that  if  solutes 
are  distributed  unequally  in  an  osmotic  chamber,  there 
will  be  an  absorption  of  water  by  that  side  of  the  chamber 
where  the  concentration  is  high  and  a  secretion  of  water 
from  that  side  where  the  solution  inside  of  the  membrane 
is  weakest,  and  that  this  will  result  in  a  mass  flow  of 
solution  within  the  chamber  from  the  region  of  high 
concentration  toward  that  of  lower  concentration.  Recog- 
nizing the  fundamental  principle  but  not  reahzing  that 
Pfeffer  had  already  proposed  it,  I  set  up  a  series  of  osmotic 
cells,  consisting  of  atmometer  shells  impregnated  with 
copper  ferrocyanide  membranes,  connected  with  small 
tubes,  and  by  this  apparatus  I  demonstrated  this  fact  of 
unilateral  secretion  through  a  closed  system,  where  there 
was  a  high  concentration  at  one  end  of  the  cell  or  system 


144 


TRANSLOCATION  IN  PLANTS 


and  a  low  concentration  at  the  other.  This  work  was 
reported  at  the  Baltimore  meeting  of  the  Botanical  Society 
of  America  in  1918,  but  it  was  never  published.  At  that 
time  I  suggested  that  a  similar  mechanism  might  account 
for  root  pressure.  A  comparable  mechanism  is  also 
described  by  Blackman  (1921),  and  Ursprung  and  Blum 
(1925)  have  described  a  method  whereby  a  unilateral 
suction  tension  resulting  from  such  a  condition  can  be 
measured  in  living  plant  cells. 

The  basic  principle  of  unilateral  flow  is  indicated  by 
Miinch  in  a  diagram  similar  to   Fig.   9.     Membrane  A 


Fig.  9. — Diagram  to  demonstrate  basic  principle  of  osmotic  flow.  A,  osmotic 
membrane  with  high  concentration;  B,  osmotic  membrane  with  low  concentra- 
tion connected  by  open  tube  T.  Feathered  arrows  indicate  flow  of  solution 
from  cell  or  part  of  cell  with  high  concentration  to  that  with  low.  Plain  arrows 
indicate  direction  of  flow  of  water.      (From  Miinch.) 


contains  a  solution  of  high  osmotic  concentration.  The 
tube  T  is  filled  with  water  as  is  also  membrane  B.  Both 
membranes  A  and  B  dip  into  water  W.  Because  of  the 
steep  diffusion  gradient  across  the  membrane  at  A,  water 
moves  in  by  osmosis  developing  a  pressure  in  A.  This 
develops  a  pressure  throughout  the  system,  and,  since 
solutes  are  lacking  in  B,  or  their  concentration  is  low  in 
that  region,  there  will  be  little  or  no  resistance  to  the 
diffusion  of  water  through  the  membrane  B  to  the  external 
water.  As  a  result  there  will  tend  to  be  a  mass  flow  of 
solution  from  A  through  the  tube  toward  B.  As  the  solute 
concentration  in  B  rises,  there  will  be  a  rising  resistance 
to  the  diffusion  of  water  from  B  to  W,  and  the  pressure 
in  the  system  will  increase.     Such  a  gradual  rise  in  pressure 
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was  actually  demonstrated  in  a  working  model  I  described 
in  1918.  If,  on  the  other  hand,  the  solute  is  removed  in 
some  way  when  it  reaches  B,  water  will  continue  to  pass 
out  readily  through  the  membrane,  and  solution  will 
continue  to  flow  into  B. 

Mlinch  applies  the  same  principle  of  unilateral  secretion 
to  the  plant.  He  suggests,  for  example,  that  the  chloren- 
chyma  cells  of  the  leaf  manufacture  sugar  from  carbon 
dioxide  and  water,  both  of  which  readily  diffuse  through 
protoplasmic  membranes.  The  cell  membrane  is  not  easily 
permeable  to  the  sugar,  so  an  osmotic  pressure  is  set  up 
in  the  cell.  Plasmodesma,  however,  which  connect  such 
chlorenchyma  cells  with  other  similar  living  cells  and 
eventually  with  sieve-tube  cells,  are  assumed  to  allow  for 
a  mass  flow  of  sugar  solution  into  the  sieve  tubes  which, 
with  their  larger  pores,  allow  for  continuous  flow  for  some 
distance.  That  side  of  a  cell  abutting  on  the  dead  water- 
supplying  cells  would  not  be  permeable  to  sugar;  for  on 
that  side  there  would  be  a  hmiting  protoplasmic  membrane. 
The  comparatively  large  pores  of  the  sieve  tubes  should 
allow  for  a  relatively  rapid  mass  flow  of  solution  through 
them.  The  receiving  cells,  such  as  the  cambium,  by 
removing  the  sugars  from  solution  through  respiration, 
deposition  in  cell  walls,  or  other  conversion  to  insoluble 
material,  or  to  materials  of  higher  molecular  weight,  would 
tend  to  have  a  low  osmotic  concentration  and  would 
therefore  readily  give  up  water  through  their  semiper- 
meable membranes;  very  much  as  B  in  the  diagram,  will 
lose  water  to  W. 

A  simplified  diagrammatic  representation  of  the  system 
as  it  may  occur  in  plants  as  suggested  by  Miinch  is  pre- 
sented in  Fig.  10.  Miinch  gives  diagrams  and  descriptions 
of  the  possible  working  of  such  a  mechanism  of  transport 
under  three  widely  differing  sorts  of  conditions:  (1)  Trans- 
port under  conditions  of  suppressed  transpiration  and  water 
absorption;  the  figure  is  similar  to  that  here  given,  but 
the  two  cells  at  the  base  are  omitted  and  no  water  is  lost 
from  the  cell  P  to  the  atmosphere.     (2)  Transport  in  a 
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defoliated  tree  or  in  the  stump  and  roots  of  a  felled  tree. 

In  this  the  cell  at  the  top  of  the 
diagram  is  omitted  and  water 
entering  T  would  tend  to  bleed 
from  the  cut  stump  or  be  forced 
toward  the  defoliated  twigs.  (3) 
Transport  in  a  complete  normal 
plant  as  indicated  in  the  diagram 
here  presented.  He  also  gives  dia- 
grams indicating  transport  to  fruits. 
Miinch  claims  the  system  will  work 
under  any  conditions  of  water  sup- 
ply; for,  even  if  water  is  deficient, 
reducing  the  turgor  in  the  leaf 
or  supplying  cell,  P,  he  claims  that 
to  an  equal  extent  there  would 
be  an  increase  in  the  tension  of  the 
cohesive  xylem  water  in  T,  and  this 
would  be  transferred  to  the  cam- 
bium, so  that  the  sum  of  the  suction 
and  turgor  pressures  of  the  receiv- 
ing and  supplying  cells,  which  are 
responsible  for  the  pressure  gradient 
and  circulation  of  sap,  is  as  great 
as  before  a  reduction  of  turgor  took 
"^°      place  and  is  equal  to  the  osmotic 

ri(j.         10. — Diagrammatic    ^  .  r   xi,  i     •  1       f 

representation  of  transport  by  Concentration  01  the  Supplying  leai 
an  osmotic  flow  as  proposed  ^^^j^     jy^^^.^    exactly,    the    pressure 

difference  would  be  equal  to  the 
difference  between  the  osmotic 
concentration  of  the  supplying  and 
receiving  cells  and  would  not  be 
equal  to  the  osmotic  concentration 
of  the  leaf.  In  the  fundamental 
scheme  diagrammed  in  Fig.  9,  the 
pressure  gradient  would  depend  on 

the   difference  between  the  concentrations  in  membranes 

A  and  B. 


by  Munch.  Diagram  adapt- 
ed from  Miinch  with  slight 
alterations.  T,  xylem  tube; 
P,  leaf  parenchyma;  <S,  sieve 
tube;  C,  cambium;  Z,  sugar; 
E,  endodermis  of  root.  Sim- 
ple arrows  indicate  direction 
of  movement  of  water,  single- 
feathered  arrows  direction  of 
carbon  dioxide  movement, 
double-feathered  arrows  direc- 
tion of  movement  of  sugar 
solutions. 


THE  METHOD  OF  MOVEMENT  147 

29.  Points  Favoring  the  Hypothesis  of  Miinch. — There 
are  a  number  of  points,  both  theoretical  and  experimental, 
that  strongly  favor  the  hypothesis  developed  by  Miinch, 
but  there  are  also  several  serious  weaknesses.  One  highly 
intriguing  suggestion  proposed  by  Miinch  is  that  the 
plasmodesma  allow  for  rapid  movement  from  living  cell 
to  hving  cell  of  those  solutes,  especially  sugars,  to  which 
the  surface  membrane  is  highly  impermeable.  This  same 
point  was  previously  suggested  by  Kienitz-Gerloff  (1891) 
and  by  Mangham  (1917),  and,  though  it  is  an  important 
one,  its  acceptance  does  not  necessitate  the  acceptance  of 
the  hypothesis,  that  the  movement  is  a  unilateral  mass 
flow  through  either  these  plasmodesma  or  the  larger  pores 
of  the  sieve  plates. 

That  materials  can  for  a  short  time  be  forced  through  the 
phloem  by  internally  developed  pressures  seems  definitely 
proved  by  the  fact  that  phloem  contents  will  rapidly  exude 
from  a  cut  stem.  This  has  been  reported  by  a  number  of 
investigators,  especially  Hartig  (1860,  1861),  Munch 
(1930),  and  Crafts  (1931).  The  exudation  from  Cucurbita 
that  has  been  widely  observed,  though  it  comes  from  sieve- 
tube-Uke  cells,  comes,  at  least  in  part,  from  tissues  very 
similar  to' latex  tissues.  Unless  Crafts  is  correct  in  suggest- 
ing that  the  material  moves  within  the  walls,  which  is 
doubtful,  this  exudation  demonstrates  that  the  pores  of  the 
sieve  plates  are  sufiicienty  large  to  allow  for  a  flow.  It  is 
also  possible,  however,  that  the  flow  from  the  cut  phloem 
is  strictly  abnormal  and  due  solely  to  opening  the  tissues 
and  thus  developing  an  abnormally  steep  pressure  gradient. 

Perhaps  the  strongest  direct  experimental  evidence  for 
this  hypothesis  is  that  exudation  from  the  phloem  has  been 
demonstrated,  and  it  has  been  reported  that  exudation  soon 
ceases  if  a  second  cut  is  made  through  the  phloem  above 
the  first  one,  that  is  between  the  first  cut  and  the  supplying 
region,  while  exudation  may  continue  for  some  time  if  the 
second  cut  through  the  phloem  is  made  below.  The 
second  cut,  if  made  above  the  first,  may  stop  the  flow  at  a 
distance  up  to  1  or  even  5  m.  (Hartig,  1860;  Biisgen  and 
Munch,  1929,  p.  134;  Munch,  1930,  p.  124). 
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The  secretion  of  water  from  the  cambial  surface,  when 
separated  from  the  xylem,  as  reported  by  Miinch,  is 
additional  evidence  strongly  supporting  the  hypothesis. 
Weevers  and  Westenberg  (1931),  however,  were  unable 
to  confirm  a  secretion  from  the  cambium.  Even  if  the 
secretion  of  water  is  proven,  such  secretion  has  not  been 
demonstrated  to  bear  a  relation  to  food  movement.  Such 
secretion  from  the  cambium  may  be  comparable  to  the 
bleeding  from  cut  stumps  or  to  that  occurring  in  normal 
guttation.  There  is  no  clear  indication  that  these  secre- 
tions are  related  to  rapid  food  translocation,  as  would  be 
the  case  in  food  transport  to  storage  tissues  or  meristematic 
cells.  Such  bleeding,  it  seems,  may  occur  under  conditions 
when  one  would  expect  no  storage  and  little  or  no  meri- 
stematic activity.  It  may  be  true  that  this  secretion  is 
related  to  meristematic  activity  or  food  deposition,  but  it 
would  not  necessarily  follow  that  the  water  results  from  a 
mass  flow  of  solution  through  the  phloem,  for  unequal  dis- 
tribution of  solutes  in  secreting  cells  alone  may  cause  water 
secretion  and  this  may  bear  no  relation  whatever  to  the 
mechanism  of  transport. 

The  postulated  secretion  of  water  into  the  xylem  might 
well  account,  as  Miinch  suggests,  for  the  refilling  of  the 
xylem  with  water,  after  high  transpiration  has  reduced  the 
content  or  even  ruptured  the  cohesive  columns  and  filled 
certain  of  the  tubes  with  air.  He  suggests  that  such  a 
mechanism  may  explain  the  necessity  of  living  cells  for 
maintaining  a  continuous  column  of  water  for  transport, 
according  to  the  cohesion  theory  of  water  rise.  No  other 
satisfactory  explanation  has  been  given  for  the  seeming 
fluctuations  in  the  water  content  of  the  trunk.  I  say 
seeming  fluctuations  because  it  is  possible  that  the  low 
water  content  of  sapwood,  observed  by  Jones  et  al.  (1903), 
Craib  (1918),  Busgen  (1911),  MacDougal,  Overton,  and 
Smith  (1929),  and  others  during  periods  of  high  transpira- 
tion or  low  water  supply  in  the  soil,  as  contrasted  with  the 
higher  water  content  during  rainy  periods,  may  be  in  large 
part  due  to  the  fact  that  during  dry  periods  the  water  is 
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likely  to  be  under  greater  tension  so  that  cutting  into  the 
trunk  while  taking  samples  will  rupture  the  columns,  which 
will  then  be  almost  instantly  replaced  by  air.  Such  a 
replacement  of  water  by  air  can  be  easily  demonstrated  if, 
during  a  period  of  deficient  water,  the  bark  is  removed  to 
expose  the  wood  and  then  a  notch  is  cut  into  the  wood. 
The  sudden  change  in  appearance  of  the  wood  is  due  to 
rupture  and  withdrawal  of  the  water  columns. 

30.  Weaknesses  in  the  Hypothesis  of  Miinch. — 1.  This 
hypothesis  would  not  allow  for  what  seems  clearly  indi- 
cated in  the  experiments  reported  in  Chaps.  II  and  III, 
that  is,  that  both  upward  and  downward  movement  of 
solutes  occur  simultaneously  through  the  same  phloem 
system.  It  might  account  for  an  upward  movement 
from  the  leaves  at  a  given  level,  for  example  to  the  apical 
meristem,  and  a  simultaneous  downward  movement  from 
the  same  leaves  to  the  trunk,  cambium,  and  roots.  It 
might  account  for  an  upward  or  downward  movement 
into  defoliated  regions  of  the  stem  as  in  the  experiments 
described  in  Sees.  7,  8,  and  9,  or  possibly  into  the  isolated 
flaps  of  bark  described  by  Mason  and  Maskell  (1928a),  but 
it  would  not  allow  for  a  simultaneous  upward  and  down- 
ward movement  through  the  same  part  of  the  conducting 
system,  as  for  example  a  simultaneous  upward  movement 
of  nitrogen  and  downward  movement  of  sugars  through  the 
phloem  of  the  trunk.  Local  reversals  in  side  twigs  may  be 
easily  accounted  for,  but  even  a  daily  alternation  in  direc- 
tion of  movement  in  the  main  conducting  tissues  would 
seem  highly  improbable. 

In  the  scheme  proposed  by  Munch,  any  nitrogen  or  salts 
reaching  the  leaves  from  the  roots  must  necessarily  pass 
exclusively  through  the  xylem,  for  there  would  be  a  uni- 
directional flow,  backward  only,  through  the  phloem  of 
the  main  stem  as  long  as  the  leaves  were  supplying  foods 
to  the  roots.  Under  such  a  system,  nitrogen  or  salts  taken 
into  the  living  cells  in  the  root  or  stem  could  reach  the  top 
only  through  the  transpiration  stream.  Eckerson  (1924), 
Thomas  (1927),  and  others  have  shown  that,  in  some  plants 


150  TRANSLOCATION  IN  PLANTS 

at  least,  much  or  all  of  the  nitrogen  is  converted  into  amino- 
acids  or  proteins  before  leaving  the  roots.  The  only  way 
for  these  to  reach  the  leaves  would  be  through  their  resecre- 
tion  into  the  transpiration  stream,  but  their  amounts  in 
the  xylem  sap  are  extremely  low  and  I  know  of  no  evidence 
showing  that  living  cells  of  higher  plants  readily  excrete 
organic  nitrogen;  although  Mason  and  Maskell  (1931, 
p.  149)  observed  the  organic  nitrogen  content  of  tracheal 
sap  taken  from  the  cotton  plant  to  be  4.43  mg.  per  100  cc, 
while  the  nitrate  nitrogen  content  was  5.36,  and  ammonia 
nitrogen  2.37.  When  the  nitrogen  supply  in  the  soil  is 
high,  it  is  conceivable  that  some  nitrate  would  more  easily 
get  across  the  living  tissues  into  the  transpiration  stream 
and  be  carried  to  the  leaves,  but  when  it  is  low  it  would 
seem  that  the  living  cells  of  the  roots  and  those  along  the 
conducting  tract  would  remove  all  available  nitrogen  from 
the  nonliving  transpiration  stream  (see  Sec.  14).  The 
readiness  with  which  hving  cells  remove  nitrate  and  certain 
other  ions  from  a  very  weak  solution  has  been  demon- 
strated by  Osterhout  (1922),  Hoagland  (1923),  Steward 
(1932),  and  others. 

2.  a.  The  pressure  gradient  that  would  seem  necessary 
to  account  for  the  movement  especially  for  any  great  dis- 
tance, as  for  example  from  the  leaves  of  a  tree  to  the  roots 
at  a  distance  even  as  low  as  10  m.,  would  seem  to  preclude 
the  possibility  of  the  movement  being  solely  dependent 
upon  such  a  mass  flow.  Calculations  by  Crafts  (1931) 
indicate  the  necessity  of  great  pressures  to  cause  such  a 
flow. 

b.  If  solution  enters  the  receiving  cells  by  mass  flow 
through  plasmodesma,  as  postulated  by  Miinch,  this 
resistance  would  be  added  to  that  of  flow  through  sieve 
plates,  and  still  more  pressure  would  be  necessary.  Fur- 
thermore, in  addition  to  all  these  resistances  that  must  be 
overcome  by  pressure  to  cause  a  mass  flow,  it  would  be 
necessary  to  develop  suflB.cient  pressure  in  the  receiving 
cell  to  force  water  from  this  cell  into  the  xylem.  This 
pressure  must  exceed  the  difference  between  the  osmotic 
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concentration  of  the  receiving  cell  and  the  suction  tension 
(turgor  deficit)  of  the  solution  in  the  xylem.  This  latter 
is  likely  to  approach  zero;  therefore  solution  must  be 
forced  into  the  receiving  cell  with  sufficient  pressure  to 
develop  an  internal  hydrostatic  pressure  in  this  cell 
greater  than  the  osmotic  value  of  the  cell  contents  on  the 
face  next  to  the  water-conducting  tracts.  To  maintain 
this  excess  pressure,  the  turgor  in  the  sieve  tubes  must  be 
exceedingly  high  and  the  turgor  in  the  supplying  leaf  cells 
must  be  still  higher ;  for  it  is  at  this  point  that  the  high 
pressure  gradient  is  initiated  and  maintained.  Since  the 
receiving  cell  is  assumed  to  have  a  low  osmotic  concentra- 
tion, either  because  the  materials  are  used  up  in  respiration 
and  formation  of  cell  parts  or  because  their  osmotic  con- 
centration is  reduced  by  condensation  into  storage  prod- 
ucts, the  pressure  necessary  to  force  water  out  of  this  cell 
into  xylem  is  supposed  not  to  be  great.  Experimental 
evidence  presented  under  (3),  however,  demonstrates  high 
osmotic  concentrations  in  receiving  cells. 

c.  For  transport,  according  to  the  hypothesis  of  Miinch, 
pressures  at  the  source  must  increase  directly  with  the 
distance  to  which  the  material  is  to  be  transported.  Pres- 
sures may  seem  great  enough  to  force  phloem  contents  a 
few  centimeters  or  even  decimeters,  but  in  order  to  bring 
about  flow  over  great  distances,  as  in  our  tallest  trees  or  in 
vines  where  distances  up  to  100  m.  or  more  are  concerned, 
excessive  pressures  would  seem  to  be  necessary.  Although 
in  trees  there  seems  to  be  a  tendency  for  an  increase  in 
osmotic  concentration  of  leaves  at  greater  heights,  this 
increase  is  not  uniform,  is  at  best  not  very  great,  and  seems 
to  bear  no  relation  to  the  distance  through  which  foods 
must  move.  MacDaniels  and  I  have  obtained  a  few  data 
bearing  on  this  point.  By  use  of  the  freezing-point  method 
the  osmotic  concentrations  of  grape  leaves  on  shoots  arising 
5  to  8  m.  from  a  short  trunk  were  compared  with  those  on 
shoots  arising  directly  from  the  trunks.  The  data  are 
presented  in  Table  18.  Although  in  all  but  one  case  the 
leaves  at  a  greater  distance  had  somewhat  higher  concen- 
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trations  than  those  close  to  the  trunk,  the  differences  were 
slight.  On  the  average  the  leaves  at  the  greater  distances 
could  have  a  maximum  pressure  of  only  1.15  atmospheres 
above  those  close  to  the  trunk  and  yet  they  were  from  5  to 
8  m.  farther  from  the  trunk  or  roots  to  which  they  were 
sending  sugar.  This  would  indicate  a  gradient  of  less  than 
0.2  atmosphere  per  meter,  which  seems  inadequate. 


Table  18. — Freezing-point  Depressions  of  Sap  of  Grape  Leaves  from 

Shoots  Growing  on  Canes  5  to  8  M.  from  a  Short  Trunk  and 

PROM  Those  Growing  Directly  on  the  Short  Trunk 

Leaves  from  long  canes .  . 
Leaves  from  short  canes. 

Diff.  long-short -0.040  +0.150  +0.245  +0.065  +0.120  +0.030    +0.095  av. 

Max.     difF.     in    pressure, 

atmosphere -0.48         1.81         2.95         0.78         1.45         0.36  1.15av. 


0.805 

0.975 

1.07 

0.880 

0.995 

0.870 

0.845 

0.825 

0.825 

0.815 

0.875 

0.840 

-0.040 

+0.150 

+  0.245 

+  0.065 

+  0.120 

+0.030 

-0.48 

1.81 

2.95 

0.78 

1.45 

0.36 

Mlinch's  own  observations  and  those  of  Haller  (1931), 
that  apple  fruits  on  defoliated  branches  at  a  distance  of 
5  ft.  or  more  from  leaves  grew  as  well  as  other  fruits  close 
to  the  leaves,  would  be  difficult  of  explanation  on  a  pressure 
gradient  hypothesis. 

3.  a.  Disregarding  the  seriousness  of  the  criticism  that 
the  pressure  gradients  that  might  be  available  may  not  be 
adequate  to  overcome  the  resistance  to  be  met  in  causing  a 
flow  through  the  phloem  and  into  the  receiving  cells,  there 
still  remains  the  added  difficulty  that  the  naturally  existing 
pressure  gradients,  or  concentration  gradients,  may  not 
lead  in  the  same  direction  as  the  movement  of  materials. 
The  Miinch  hypothesis  demands  a  higher  turgor  pressure 
in  the  supplying  cells  than  in  the  receiving  cells  so  that 
there  will  be  an  actual  pressure  gradient  in  the  proper 
direction.  To  maintain  such  a  pressure  gradient,  the 
supplying  cells  must  ordinarily  have  an  osmotic  concentra- 
tion greater  than  that  of  the  receiving  cells.  Possible 
exceptions  to  this  rule  will  be  discussed  shortly.  Experi- 
mental evidence,  however,  demonstrates  that  receiving 
cells  frequently,  and,  when  storage  tissues  are  supplying 
growing    tissues,    may    consistently  have  higher  osmotic 
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concentrations  than  the  supplying  cells.  Fernald  (1925) 
found  that  the  osmotic  concentration  near  the  growing 
point  of  rapidly  growing  shoots  was  distinctly  higher  than 
that  of  the  leaves  which  were  obviously  supplying  the  foods 
necessary  for  growth.  In  potato  tubers  also,  the  osmotic 
concentrations  of  the  sprouts  were  regularly  much  higher 
than  those  of  the  tuber  from  which  the  foods  were  coming. 
Although  this  evidence  seems  fairly  conclusive,  that  receiv- 
ing tissues  may  have  higher  osmotic  concentrations  than 
the  supplying  tissues,  certain  doubts  may  arise  concerning 
it.  Fernald's  freezing-point  determinations  were  made 
with  sap  that  was  first  extracted  from  the  tissues,  but  Car- 
rick  (1924)  has  given  evidence  showing  that  the  freezing 
point  of  extracted  sap  or  of  killed  tissue  is  likely  to  be  very 
different  from  that  of  the  living  tissue.  Although  the 
younger  tissues  which  had  the  higher  concentrations 
were  chiefly  growing  tissues  and  therefore  were  receiving 
materials  from  the  older  leaves  or  storage  tissues,  they  also 
included  some  cells  that  were  perhaps  mature,  and,  fur- 
thermore, no  precautions  were  taken  to  exclude  light  so  the 
possibility  of  photosynthesis,  especially  in  the  leafy  stems 
which  were  exposed  to  full  light,  may  have  partly  accounted 
for  the  high  concentrations  in  the  younger  parts. 

In  order  to  test  more  critically  the  possible  bearing  of  an 
osmotic  gradient  upon  the  Miinch  hypothesis,  we  have 
grown  various  types  of  material  in  complete  darkness  so 
as  to  insure  a  transport  from  storage  tissues  to  receiving 
tissues  (Curtis  and  Scofield,  1933).  The  osmotic  concen- 
trations have  been  determined  in  three  different  ways. 
The  freezing  points  of  the  tissues  have  been  determined 
directly  by  inserting  thermocouples  into  the  tissues  to  be 
tested.  This  made  it  possible  to  determine  the  freezing 
point  without  first  killing  the  tissue  or  extracting  its  sap, 
and  also  to  restrict  the  determinations  to  younger,  more 
nearly  meristematic  regions.  Freezing-point  determina- 
tions were  also  made  on  samples  of  extracted  sap.  With 
onion  tissue  the  osmotic  concentrations  were  also  estimated 
by  the  plasmolytic  method,  using  sucrose  as  the  plasmo- 
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lyzing  agent.  Various  types  of  storage  and  receiving 
tissues  were  tested,  including  cotyledons  and  the  developing 
seedlings,  tubers  and  their  sprouts,  bulbs  and  their  develop- 
ing leaves  and  roots,  and  old  leaves  of  Bryophyllum  and 
Byrnesia  and  the  plantlets  developing  from  them. 

As  shown  in  Table  19,  the  receiving  tissues  in  all  instances, 
and  by  three  methods  of  testing,  had  higher  osmotic  con- 
centrations than  the  supplying  storage  tissues.  Not  only 
have  the  receiving  tissues  the  higher  osmotic  concentra- 
tions, but  the  data  from  the  onion  (given  in  the  original 
paper  but  not  here)  show  a  progressive  change  in  concen- 
tration increasing  from  the  older  outer  scales  toward  the 
younger  scales,  with  the  highest  concentrations  in  the  grow- 
ing tissues  which  are  receiving  solutes  from  the  storage 
scales.  The  outer  scales  with  lowest  concentration  empty 
first  and  lose  their  contents  to  tissues  with  higher  con- 
centrations. That  the  osmotic  concentration  gradient  is 
always  in  a  direction  the  reverse  of  that  demanded  by  the 
Miinch  hypothesis  has  not  been  demonstrated.  But  in  all 
of  these  determinations  where  the  supplying  tissue  was  a 
storage  tissue  and  the  receiving  tissue  a  growing  organ, 
the  concentration  gradients  have  been  in  the  wrong 
direction  to  satisfy  the  Miinch  hypothesis. 

Only  under  special  conditions,  where  the  receiving  cells 
may  have  highly  extensible  walls  and  are  therefore  inca- 
pable of  developing  much  turgor,  or  where  the  receiving 
cells  are  exposed  to  a  desiccating  environment  reducing 
their  turgor,  would  it  be  possible  for  them  to  maintain  a 
higher  osmotic  concentration  than  the  supplying  cells  and 
still  receive  solutes  by  the  proposed  mechanism.  Ursprung 
and  Blum  (1924)  have  given  evidence  that  growing  cells 
are  likely  to  have  low  turgor  pressures,  although  the  low 
turgor  pressure  actually  calculated  may  have  been  excessive 
and  may  have  resulted  from  release  of  pressures  incident 
to  cutting  the  tissues  for  observation  (Curtis  and  Scofield, 
1933).  The  second  alternative,  that  is  a  desiccating 
environment,  seems  highly  improbable.  Even  an  assump- 
tion that  the  receiving  cells  have  highly  extensible  walls 
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would  seem  insufficient  to  account  for  a  low  turgor,  espe- 
cially when  the  receiving  tissues  are  in  direct  contact 
with  water  and  the  supplying  tissues  are  not,  as  was  the 
case  with  the  onion  when  the  receiving  roots  were  sub- 
merged in  water  and  the  storage  tissues  were  in  the  air.  In 
spite  of  the  evidence  to  the  contrary  some  may  think 
sugar  transport  from  storage  tissue  may  take  place  with 
the  transpiration  stream.  This  could  hardly  be  involved 
to  account  for  transport  from  the  flaccid  onion  scales  to  the 
turgid  roots  submerged  in  water. 

For  the  most  part  Miinch  assumes  that  water  is  excreted 
by  the  receiving  tissue  and  this  excretion  is  due  to  the 
pressure  resulting  from  a  flow  of  solution  into  the  cells. 
Under  such  circumstances  the  receiving  cells  must  be  at 
their  maximum  turgor  and  must  have  a  concentration 
less  than  that  of  the  supplying  cells  where  the  turgor 
pressure  is  initiated.  These  osmotic  concentration  meas- 
urements seem  definitely  to  refute  the  Miinch  hypothesis. 

b.  Even  if  the  supplying  cells  of  photosynthesizing  tissues 
which  have  not  been  extensively  tested  should  have 
osmotic  concentrations  greater  than  those  of  receiving 
cells,  this  would  not  insure  a  pressure  gradient  leading 
toward  the  receiving  cells,  because  the  turgor  of  the  exposed 
leaf  may  be  greatly  reduced,  especially  during  periods  of 
high  isolation.  In  fact  the  turgor  of  the  leaf  may  be 
reduced  to  such  an  extent  on  a  bright  day  as  to  reverse 
the  pressure  gradient.  This  should  lead  to  movement 
into  the  leaf  instead  of  out  of  it.  Without  going  to  such 
an  extreme  the  reduced  turgor  in  the  leaf  should  reduce 
the  rate  of  transport  during  the  day.  The  available 
data,  however,  clearly  indicate  greater  transport  during 
the  day  than  at  night.  Mason  and  Maskell  (1928a)  found 
greater  transport  into  the  cotton  boll  during  the  day,  as 
indicated  by  a  gain  in  dry  weight  during  the  day  about 
four  times  that  during  the  night.  Crafts  (1931)  estimated 
transport  from  the  leaves  of  Phaseolus  during  the  day  to 
be  a  little  over  three  times  that  in  darkness.  Data  on 
relative  turgors  of  supplying  and  receiving  tissues  under 
such  conditions  are  not  yet  available. 
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Although  adequate  quantitative  data  are  not  available 
for  showing  the  influence  of  turgor  of  leaves  on  transport 
from  them,  it  is  obvious  that  turgid  tissues  may  receive 
solutes  from  relatively  flaccid  tissues.  The  development 
of  turgid  sprouts  on  potato  tubers  in  a  dark  cellar,  when 
the  supplying  tuber  is  distinctly  flaccid,  is  a  case  in  point. 
Other  examples  of  movement  from  flaccid  to  turgid  tissues 
have  been  frequently  observed  in  the  emptying  of  other 
storage  organs  such  as  fleshy  storage  roots  of  beets,  carrots, 
turnips,  etc.,  the  scales  of  an  onion  or  other  bulb  and  the 
cotyledons  or  endosperms  of  sprouting  seedlings.  In  all 
the  experiments  reported  in  Table  19  the  storage  tissues 
appeared  distinctly  less  turgid  than  the  receiving  tissues. 

Miinch,  foreseeing  the  possible  objection  that  turgor  in 
the  leaf  may  be  reduced  by  transpiration,  offers  the  expla- 
nation that,  when  the  turgor  of  the  leaves  is  reduced,  the 
turgor  throughout  the  entire  plant  is  correspondingly 
reduced;  for  the  entire  water  system  would  be  put  under 
tension  so  that  the  decreased  pressure  in  the  leaves  would 
be  counterbalanced  by  a  corresponding  increase  in  tension 
on  the  water  passing  out  of  the  receiving  cell.  (This  would 
be  cell  B  in  Fig.  9  and  cell  C  or  cambium  in  Fig.  10.) 
Although,  in  a  simple  system  where  the  resistance  to 
movement  is  slight  and  the  walls  are  rigid,  there  might 
be  such  a  rapid  transmission  of  tension,  I  am  not  convinced 
that  in  a  large  plant  this  would  be  possible.  Although 
a  transmission  of  tension  through  the  water-conducting 
system  would  meet  much  less  resistance  than  through 
any  other  tissues  and  might  therefore  put  the  receiving 
cell,  such  as  C  in  the  diagram,  under  tension,  a  failure  to 
transmit  such  a  tension  from  the  receiving  cell  or  cambium 
backward  through  the  sieve  tubes,  along  the  entire  path  through 
which  the  sugar  is  moving  from  the  flaccid  leaf,  would  offset 
any  advantage  resulting  from  withdrawing  water  from  the 
receiving  cell,  and  reducing  its  turgor.  The  walls  of  the 
phloem  cells,  furthermore,  seem  not  to  form  a  rigid  tubular 
system,  as  in  the  xylem,  and  it  seems  unlikely  that  they 
would  allow  for  transmission  of  such  tensions.     Without 
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a  uniform  development  of  a  tension  throughout  the  full 
length  of  the  sieve-tube  system,  any  reduction  in  turgor 
of  the  supplying  leaf  cells  would  correspondingly  decrease 
the  rate  of  flow  from  these  cells.  Furthermore,  with  the 
osmotic  gradient  leading  in  the  wrong  direction,  as  dis- 
cussed under  3  a,  the  proposed  transmission  of  tension  is 
of  no  avail. 

c.  The  partial  emptying  of  leaves  just  prior  to  leaf  fall 
which  has  been  observed  by  Swart  (1914),  Deleano  and 
Andreesco  (1932),  and  others  would  seem  to  be  another 
instance  of  movement  from  a  tissue  of  low  osmotic  concen- 
tration or  low  turgor  to  one  of  higher  concentration  or 
higher  turgor.  Deleano  and  Andreesco,  however,  found  a 
marked  increase  in  hexoses  during  this  period  and  sug- 
gested that  this  increase  maintained  the  turgor  of  the 
cells  and  favored  transport  from  them.  I  know  of  no 
specific  data,  however,  which  actually  give  the  relative 
osmotic  concentrations  or  turgors  of  these  tissues.  Several 
investigators  have  observed  that  the  lower  leaves  of  a 
shoot  are  likely  to  have  lower  osmotic  concentrations 
than  the  upper  leaves.  They  also  wilt  more  quickly  when 
water  becomes  deficient.  According  to  the  scheme  of 
Munch,  these  leaves  should  therefore  be  receiving  foods 
from  the  more  turgid  leaves.  Phloem  contents  should 
also  move  more  readily  to  these  leaves  than  to  roots  or 
cambium  at  greater  distances.  I  know  of  no  data  on 
transport  into  or  from  the  lower  leaves,  but  from  their 
continued  low  content  it  seems  unlikely  that  they  act  as 
receiving  organs.  I  have  noticed  the  progressively  increas- 
ing flaccidity  of  the  older  leaves  of  Crassula  portulaca 
when  these  are  supposedly  giving  up  their  contents  to 
the  young  shoots  developing  in  their  axils.  Schumacher 
(1931)  observed  an  actual  transport  of  60  to  70  per  cent 
of  the  nitrogen  from  wilting  flowers  in  a  period  of  24  hr. 

d.  Still  another  problem  related  to  translocation,  which 
would  be  diflficult  of  explanation  according  to  the  hypoth- 
esis proposed  by  Munch,  is  that  bearing  on  the  matter 
of  dominance  of  one  part  over  another,  and  of  the  seeming 
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directive  flow  of  solutes.  If  the  direction  of  flow  is  deter- 
mined chiefly  by  pressure  or  turgor  gradients,  and  by  the 
resistance  to  flow  in  the  connecting  channels,  it  would  seem 
that  those  cells  with  the  lowest  turgor  pressures  and  nearest 
to  the  supply,  or  those  having  the  lowest  resistance  in  the 
channels  leading  to  them,  should  always  receive  the 
greater  part  of  the  food  coming  from  the  leaves  or  storage 
organs.  This,  however,  seems  not  to  be  the  case  (see 
Sec.  42).  Very  commonly  those  tissues  having  the  lowest 
concentration  or  those  that  are  nearest  to  the  supply  fail 
to  receive  the  foods  which  pass  close  by  them  and  move  to 
tissues  much  more  distant  and  with  higher  turgor  pres- 
sures. Maskell  and  Mason  (19306)  report  high  flaccidity 
in  unfertilized  cotton  bolls  and  much  greater  transport  to 
fertilized  bolls  that  were  more  turgid.  To  explain  this,  one 
might  have  to  postulate  that  the  receiving  cells  in  some 
way  control  the  flow  to  them  by  keeping  the  plasmodesma 
and  sieve  pores  open,  while  in  the  others  they  are  closed  or 
the  resistance  to  flow  is  in  some  way  increased.  While  not 
an  impossible  supposition,  the  necessity  of  assuming  special 
controls  of  this  sort  weakens  the  hypothesis.  Further- 
more, the  actual  emptying  of  materials  from  flaccid  tissues, 
as  mentioned  under  h  and  c,  demonstrates  that  the  conduct- 
ing system  has  not  become  plugged. 

4.  The  mechanism  proposed  by  Miinch  seems  not  to 
offer  a  simple  explanation  for  the  movement  of  specific 
types  of  materials  to  special  tissues  or  organs.  A  receiving 
tissue  could  steepen  the  osmotic  gradient  by  removing 
sugars  for  example,  but  the  resulting  unidirectional  mass 
flow  would  carry  all  the  movable  phloem  contents  toward 
that  same  tissue.  Through  selective  permeability  the 
receiving  cells  might,  for  example,  prevent  the  entrance 
of  the  nitrogenous  materials,  but  there  must  be  some 
mechanism  to  remove  these,  for  otherwise  they  would 
accumulate  in  the  conducting  channels  outside  of  the 
receiving  cells  and  thus  lessen  the  osmotic  gradient  in  the 
conducting  channel  or  tend  to  clog  it  mechanically. 
The  receiving  tissue,  according  to  this  hypothesis,  would 
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seem  incapable  of  controlling  the  type  of  material  moving 
toward  it  through  the  phloem,  but  could  control  only  the 
rate  of  flow  of  the  mixed  contents  through  a  control  of  the 
pressure  gradient. 

5.  The  explanation  given  by  Miinch  accounting  for  the 
removal  of  water  from  the  receiving  cells  seems  possible 
when  the  latter  are  in  the  position  of  the  cambium.  In 
this  case  the  receiving  cells  lie  between  the  phloem  which 
supplies  the  food  solution  and  the  xylem  through  which 
the  water  may  be  removed.  The  receiving  cells  at  the 
apical  meristem,  however,  are  not  in  such  an  ideal  situation 
in  this  respect,  and  an  explanation  of  the  removal  of  water 
seems  more  difficult.  Furthermore,  for  cortical  storage 
tissues  a  possible  mechanism  for  removing  the  excess  water 
is  not  obvious;  for  the  phloem  is  between  the  receiving 
tissues  and  the  tissues  which  might  remove  the  water. 
In  an  exposed  stem  it  is  possible  that  evaporation  from 
the  outer  surface  might  be  effective,  but  in  many  plants 
the  cortical  storage  tissues  are  subterranean,  where  water 
loss  from  the  surface  may  become  very  shght.  It  is  con- 
ceivable that  solutions  may  enter  through  plasmodesma 
and  water  may  move  backward  through  the  walls,  but  the 
rate  of  such  movement  must  be  rather  low.  Movement  to 
tissues  of  this  sort,  therefore,  seems  difficult  of  explanation 
according  to  the  hypothesis  of  Miinch. 

6.  Another  serious  objection  is  that  this  hypothesis 
seems  not  to  allow  for  a  simple  explanation  of  the  inabiUty 
of  leaves  to  empty  themselves  when  they  are  removed  from 
the  stems  and  their  petioles  placed  in  water.  If  Munch's 
hypothesis  is  correct,  one  would  expect  that  such  isolated 
leaves,  or  cut  stems  with  leaves,  would  rapidly  empty 
their  sugar  through  the  cut  phloem  into  the  water.  The 
greatly  shortened  channel  for  transport  and  the  increased 
water  supply  through  the  xylem  should  increase  the  steep- 
ness of  the  pressure  gradient  and  empty  the  leaves  of  their 
sugar  much  more  quickly  than  when  left  attached  to  the 
plant.  The  observations  of  SaposchnikofT  (1893),  Deleano 
(1911),  and  the  unpublished  findings  of  Miss  Skaer  (1931) 
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in  our  own  laboratory  show  a  much  retarded  emptying 
from  such  leaves.  Emptying  through  cut  sieve  tubes  with 
their  relatively  large  pores  would  very  likely  be  different 
from  an  emptying  from  cut  parenchyma  cells  where  the 
death  of  the  cut  cells  at  the  surface  would  probably  cause 
a  very  rapid  formation  of  a  surface  membrane  closing  the 
plasmodesma.  Experiment  on  microdissection  by  Cham- 
bers (1925)  and  others  have  demonstrated  rapid  reforma- 
tion of  a  surface  membrane  at  cut  or  punctured  surfaces  of 
cells.  A  comparable  closing  of  cut  sieve  tubes  might  take 
place  but  would  seem  very  improbable  especially  if  a  con- 
tinued unilateral  flow  of  the  contents  is  normal,  as  postu- 
lated by  Miinch. 

The  phloem  contents,  especially  in  cucurbits,  may  coagu- 
late into  a  gel  within  a  few  minutes  after  exuding  from  a  cut. 
This  coagulum  might  be  expected  to  prevent  further  loss  in 
much  the.  same  way  as  the  coagulation  of  blood  will  stop  its 
flow.  Coagulation  at  the  surface  alone,  however,  which  is 
effective  in  stopping  blood  flow  would  seem  inadequate  for 
stopping  flow  from  the  phloem;  because  internal  pressures 
in  the  latter  must  be  very  high  and  the  coagulum  would 
have  no  firm  anchorage.  The  average  maximum  pressure 
developed  in  the  arteries  of  man  does  not  commonly  exceed 
150  mm.  of  mercury,  or  about  0.2  atmosphere,  while  that 
in  the  capillaries  where  surface  coagulation  is  effective 
does  not  commonly  exceed  27  mm,  or  about  0.035  atmos- 
phere. In  the  phloem  of  plants,  on  the  other  hand,  the 
osmotic  concentrations  are  probably  such  as  to  allow  mini- 
mum turgor  pressures  around  2  to  5  atmospheres.  Miinch 
(1930,  p.  134)  estimated  the  phloem  exudate  from  Quercus 
rubra  and  Robinia  pseudoacacia  to  have  osmotic  concentra- 
tion values  at  15°C.  equivalent  to  20.9  to  37.5  atmos- 
pheres, and  Dixon  (1933)  reports  similar  concentrations  for 
exudate  from  Fraxinus  excelsior.  These  pressures  are 
nearly  a  thousand  times  that  occurring  in  blood  capillaries. 
There  is  the  possibility  of  coagulation  of  contents  in  the 
tubes  for  some  distance  from  the  cut,  but  why  this  should 
occur  if  unilateral  mass  flow  is  normal  does  not  appear 
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obvious.  If  unidirectional  mass  flow  is  abnormal,  this 
cutting  resulting  in  such  a  flow,  accompanied  by  frictional 
and  other  disturbances,  might  easily  induce  coagulation 
at  some  distance  from  the  cut,  or  the  more  solid  particles 
may  accumulate  against  the  sieve  plates  and  thus  clog  the 
pores.  Furthermore,  in  many  types  of  plants  the  sieve- 
tube  contents  do  not  readily  coagulate  (Lecomte,  1889; 
Munch,  1930;  Crafts,  1933). 

7.  Another  difficulty  is  that,  if  there  is  a  unidirectional 
mass  flow  through  the  sieve  tubes,  as  postulated  by  Miinch, 
it  is  not  clear  why  a  local  application  of  anesthetics  or  local 
chiUing  should  stop  the  flow  (Curtis,  1929,  see  also  Sec.  39). 
His  hypothesis  might  easily  explain  a  failure  to  move 
through  a  dead  stem,  for  the  killing  would  be  likely  to 
result  in  a  complete  plugging  of  the  sieve  tubes.  It  is,  of 
course,  possible  that  either  chilhng  or  anesthetics  may 
cause  temporary  or  reversible  coagulation  or  such  a  great 
increase  in  viscosity  as  to  stop  the  flow.  Crafts  (1932)  has 
made  a  few  tests  to  determine  the  effect  of  chilhng  on  the 
exudation  from  the  phloem  of  cut  stems  of  cucumber  and 
has  found  that  a  temperature  of  2  to  5°C.,  which  appar- 
ently stops  normal  emptying  of  bean  leaves,  reduces  this 
exudation  only  25  to  50  per  cent  or  less.  His  data  indicate 
a  gradual  and  continuous  retardation  as  the  temperature  is 
lowered  from  25  to  2°C.,  whereas  I  found  that  the  effect 
on  carbohydrate  transport  from  the  leaves  of  beans  seems 
to  be  rather  abrupt,  first  appearing  at  a  temperature  near 
6°C.  This  would  suggest  that  exudation  from  cut  phloem 
cannot  be  taken  as  an  indication  of  normal  movement. 
The  method  of  flow,  direction  of  flow,  and  rate  of  flow  from 
such  cut  tissues  may  all  three  be  strictly  abnormal  and  due 
to  the  cutting.  The  danger  of  interpreting  as  normal  those 
movements  in  a  tissue  which  take  place  after  that  tissue  is 
cut  open  may  be  as  serious  when  applied  to  the  phloem  as 
when  applied  to  the  xylem.  This  has  already  been  dis- 
cussed in  Sec.  19. 

8.  Still  another  diflfiiculty  attendant  upon  the  hypothesis 
of  Munch  is  that  a  pressure  causing  a  unidirectional  mass 
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flow  of  solution  through  pores,  such  as  plasmodesma  or 
sieve  pores,  must  necessarily  have  a  tendency  to  carry 
materials  that  lie  across  these  pores.  In  other  words,  the 
outer  layers  of  protoplasm  and  the  protoplasm  within  the 
pores  themselves,  unless  it  were  highly  porous  and  allowed 
the  solution  to  filter  through  it  readily,  would  thus  be 
forced  from  cell  to  cell.  This  would  favor  the  transport 
of  the  outer  layers  of  protoplasm,  would  not  allow  for  its 
return,  and  would  not  allow  for  direct  transport  of  vacuolar 
contents  where  much  of  the  osmotically  active  material, 
particularly  in  parenchyma  cells,  is  probably  located,  and 
yet  it  is  the  osmotically  active  material  which,  according 
to  the  hypothesis,  is  responsible  for  the  transport  and  is 
itself  transported.  It  is  true  that  plastids  manufacturing 
or  storing  carbohydrates  are  not  located  in  the  vacuole 
but  the  osmotic  concentration  of  the  vacuole  must  equal 
or  exceed  that  of  the  cytoplasm.  Miinch,  though  he  pic- 
tures the  protoplasmic  layer  as  the  moving  layer,  seems 
not  to  consider  this  as  a  difficulty.  In  the  sieve  tubes, 
however,  if  the  sieve  pores  are  so  large  that  they  are  merely 
lined  with  protoplasm,  thus  leaving  the  vacuole  continuous, 
this  criticism  would  not  apply,  but  it  would  seem  to  apply 
to  movement  out  of  the  parenchyma  cells  and  into  the 
receiving  cells  of  any  and  all  kind  of  plants,  and  even  in 
sieve  tubes  it  has  not  been  definitely  demonstrated  that 
the  vacuolar  contents  are  continuous.  Although  sieve 
pores  have  been  described  as  having  a  parietal  layer  of 
protoplasm  (Hill,  1908),  that  this  is  universally  true  or 
even  occasionally  so  has  not  been  conclusively  demon- 
strated. In  fact.  Crafts  (1932)  has  failed  to  find  any  indi- 
cation of  continuity  of  vacuolar  contents. 

To  allow  for  mass  flow  of  the  sort  postulated  it  would 
seem  that  those  types  of  phloem  that  have  few  or  only 
occasional  sieve  tubes,  as  well  as  those  in  which  the  sieve 
pores  are  filled  with  protoplasm  (see  Lecomte,  1889; 
Schmidt,  1917;  and  Crafts,  1932)  would  not  be  very  effec- 
tive as  channels  for  transport.  Furthermore,  sieve  tubes 
often  are  imperfectly  developed  close  to  the  shoot  and  root 
meristem  to  which  food  must  move  fairly  rapidly. 
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These  many  weaknesses  in  the  hypothesis  of  Mlinch,  and 
the  strong  opposing  evidence  lead  me  to  the  conclusion 
that  the  hypothesis  as  it  now  stands  is  not  tenable. 

31.  The  Hypothesis  of  Crafts.— Crafts  (1931,  1932,  1933) 
has   proposed    a   mechanism   that,    in   many   respects,    is 
similar  to  that  of  Miinch.     Its  main  difference  lies  in  his 
assumption  that  the  entire  cross  section  of  the  phloem, 
including  especially  the  walls,  is  effective  as  a  channel  for 
transport.     He    was    led    to    this    suggestion    for    several 
reasons.     He  found  that  a  solution  containing  about  8  to 
10  per  cent  dry  matter  exuded  from  the  cut  phloem  of 
cucurbits.     Kraus    (1886)    found   approximately  the  same 
concentration  of  material,  while  Miinch  (1930)  found  from 
12.3  to  23.7  per  cent  dry  matter  (14  to  31.2  per  cent  if 
expressed  as  per  cent  of  water  as  he  gives  it)  in  material 
flowing  from  cut  phloem  of  several  species  of  trees.     Crafts 
estimated  that  this  material  flowed  through  the  phloem 
of  Cucurhita  at  an  average  linear  rate  equal  to  a  linear 
displacement   of   0.3    cm.   per   minute   through   the   total 
phloem.     On  first  cutting,  a  rate  nearer  1  cm.  per  minute 
was  obtained.     The  sieve-tube  lumen  occupies  less  than 
20  per  cent  of  the  total  phloem  area  and  the  pores  only 
8  per  cent  of  this,  or  not  over  1.6  per  cent  of  the  total 
phloem  area.     As  a  result  of  more  detailed  studies  of  the 
sieve  plates  (1932)  he  concluded  that  the  pores  were  not 
actual  openings   but   were   completely  filled  with  proto- 
plasmic strands  with  a  much  smaller  cross  section  than 
this  estimated  area.     Applying  Poiseuille's  formula  and 
assuming  the  sieve  pores  to  have  a  diameter  of  2/x,  which 
was  larger  than  what  he  actually  found,  he  calculated  that, 
in  order  to  bring  about  a  flow  of  solution  through  the  sieve 
pores  at  the  rate  at  which  material  was  actually  collected,  a 
pressure  gradient  of  0.2  atmosphere  per  centimeter  would 
be  required.     No  such  pressures,  however,  seem  available. 
Measurements    before    and    after    dehydration    of    the 
phloem  demonstrated  that  the  fresh  phloem  walls  contain 
over  50  per  cent  water  and  also  occupy  over  30  per  cent 
of    the    total    cross-sectional    area    of    the    phloem.     He 
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therefore  suggested  that  the  space  occupied  by  this  water 
in  the  walls  might  act  as  a  channel  through  which  the 
solution  is  forced.  Assuming  all  this  water  of  the  walls 
filled  a  single  tube,  he  calculated  that  a  pressure  gradient 
of  only  6.1  X  10~^  atmosphere  per  centimeter  would  be 
adequate  to  cause  a  flow  at  the  rate  observed.  Of  course, 
the  space  occupied  by  water  cannot  behave  as  a  single  pore 
but  the  pressure  gradient  calculated  is  sufficiently  small 
to  allow  for  considerable  correction  for  increased  resistance. 
His  calculations,  he  suggested,  allow  for  an  increased 
resistance  of  about  4,400  times  that  of  the  single  pore. 

When  the  cut  is  first  made  the  material  is  exuded  from 
the  phloem  at  a  linear  rate  of  1  cm.  per  minute  or  faster. 
This  flow  is  rapidly  reduced  but  on  repeatedly  cutting  thin 
sections  from  the  end  it  approaches  a  rather  steady  rate 
of  around  0.3  cm.  per  minute  or  18  cm.  per  hour.  "Calcu- 
lations show  that  this  is  approximately  the  rate  that  would 
be  required  to  deliver  the  volume  of  solution  necessary 
to  form  the  fruits  of  these  plants.  Since  rates  of  this 
magnitude  cannot  be  accounted  for  on  the  basis  of  flow 
through  the  sieve  tubes,  it  is  suggested  that  the  solution 
has  passed  through  the  phloem  walls."  Similar  rates 
varying  between  13.5  to  19  cm.  per  hour  through  the  walls 
of  the  phloem  alone,  he  estimated,  would  account  for  the 
observed  rates  of  transport  of  carbohydrates  from  the  leaves 
of  Tropaeolum  majus  and  Phaseolus  multiflorus,  as  well  as 
the  materials  necessary  to  account  for  the  observed  sea- 
sonal increase  in  dry  weight  of  the  stem  of  Bartlett  pear. 

Since  other  mechanisms  that  had  been  proposed  seem 
inadequate  and  since  actual  flow  from  cut  phloem  was  so 
rapid  as  to  seem  to  preclude  the  possibility  of  flow  through 
the  sieve  pores,  Crafts  first  suggested  (1931)  that  the  walls 
of  phloem  cells  constituted  the  major  path  of  transport.  In 
his  second  paper  (1932)  he  suggested  that  transport  takes 
place  through  both  walls  and  lumen.  By  the  time  he 
wrote  the  third  paper  (1933)  he  had  come  to  realize  the 
high  resistance  to  flow  through  walls  and  suggested  that 
the  lumen  is  the  major  path.     He  suggested  further  that 
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sieve-tube  protoplasm  is  completely  permeable,  so  flow 
from  cell  to  cell  may  take  place  through  end  and  lateral 
walls,  and  is  not  restricted  to  flow  through  pores  or  plas- 
modesma.  For  actually  causing  the  flow  he  proposed  an 
osmotic  gradient  scheme  similar  to  that  proposed  by 
Miinch.  His  scheme  differs,  however,  in  that  the  materials 
are  not  supposed  to  be  forced  into  the  phloem  or  from  the 
phloem  into  the  receiving  cells  through  the  plasmodesma 
by  a  pressure  gradient.  The  receiving  cells  are  assumed 
to  be  able  to  remove  sugars  from  the  wall  through  the 
surface  membrane  against  a  concentration  gradient. 

The  chief  advantage  claimed  by  Crafts  for  the  superiority 
of  his  hypothesis  over  that  of  Munch  is  that  it  proposes  a 
large  increase  in  the  cross-sectional  area  through  which 
materials  may  be  forced,  and  therefore  seemingly  reduces 
the  pressure  gradient  necessary  to  cause  the  flow.  He 
found  that  the  pores  through  sieve  plates  in  fresh  material 
are  more  minute;  than  commonly  observed  in  fixed  material, 
and  that  they  are  completely  filled  with  strands  of  proto- 
plasm. Therefore  they  do  not  offer  tubes  for  unobstructed 
flow.  Exudation  from  the  peduncle  of  a  cucumber  was 
found  to  continue  at  a  normal  rate  even  after  the  sieve 
tubes  were  heavily  calloused  and  the  sieve  pores  were 
apparently  closed.  It  seemed  therefore  that  the  exudate 
could  not  have  come  through  the  sieve  pores.  He  also 
claims  that  his  hypothesis  does  not  demand  a  lower  osmotic 
concentration  in  the  receiving  cells  as  does  the  Miinch 
hypothesis,  for  he  assumes  that  the  receiving  cells  can 
Hiadily  absorb  solutes  through  these  surfaces  against  a 
concentration  gradient. 

32.  Weakness  in  the  Hypothesis  of  Crafts.— At  first 
iWM)  Crafts  proposed  that  the  high  water  content  of  the 
phloem  walls  should  make  them  suitable  channels  for 
transport.  The  area  of  the  wall  available  as  a  channel 
he  assumcKl  to  be  indicated  by  the  water  content  of  the 
wall,  which  in  his  determinations  was  approximately  50 
per  cent.  When  one  realizes,  however,  that  a  tube  filled 
with  a  2  per  cent  agar  gel  does  not  allow  for  ready  mass 
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flow  of  solution,  even  though  98  per  cent  of  the  volume  is 
water,  he  is  led  to  doubt  whether  a  cellulose  matrix  with 
only  50  per  cent  water  would  be  less  resistant.  Crafts 
suggested  that  the  structure  of  cellulose,  forming  perhaps 
a  regular  lattice  system  might  offer  much  less  resistance 
than  ordinary  colloidal  gels.  These  capillaries,  however, 
are  at  best  submicroscopic  and  may  be  of  molecular 
dimension,  but  even  if  all  the  space  occupied  by  water 
were  in  the  form  of  fine  capillaries  with  none  of  the  water 
fixed  as  water  of  hydration,  the  resistance  to  mass  flow 
must  be  very  great. 

One  cannot  safely  apply  Poiseuille's  formula  to  tubes 
of  such  fine  dimensions,  for  the  formula  assumes  that  the 
flow  takes  place  chiefly  in  the  free  space  at  a  distance 
from  the  wall  of  the  capillary,  and  that  the  flow  is  nil  at 
the  wall.  In  capillaries  of  such  fine  dimensions  there  may 
be  no  free  flow  whatever,  or  at  a  certain  small  radius  there 
may  be  slow  but  steady  flow  with  no  change  in  rate  with 
further  reduction  in  size.  In  this  latter  case  the  movement 
is  more  probably  a  diffusional  one,  and  the  volume  rate 
of  flow  may  not  vary  as  the  fourth  power  of  the  radius. 
Assuming,  however,  that  the  law  does  apply  at  these 
dimensions,  and  also  assuming  that  half  of  the  cross  sec- 
tion of  the  fresh  wall  is  wall  material  and  half  is  capillary 
pores,  and  that  the  capillaries  are  of  the  same  dimensions 
as  those  calculated  for  silica  gel,  namely  SmyLt  in  diameter; 
then  in  order  to  force  a  10  per  cent  sugar  solution  through 
the  walls  of  the  phloem  to  a  potato  tuber  at  the  rate 
calculated  by  Crafts,  a  pressure  gradient  of  23  million 
atmospheres  per  centimeter  would  be  required.  With  the 
free  space  as  small  as  it  must  be  in  hydrated  phloem  walls, 
movement  is  probably  largely  restricted  to  diffusion. 
Equally  great  pressures  would  be  required  to  cause  a 
diffusional  flow  at  the  required  rate. 

In  his  second  paper  (1932)  Crafts  calculated  the  mini- 
mum diameter  of  capillaries  that  would  deliver  sap  at  a 
linear  rate  of  0.3  cm.  per  minute,  which  he  estimated  to  be 
the  normal  rate,  through  a  distance  of  50  cm.  at  a  pressure 
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gradient  of  7.0  atmospheres  (0.14  atmosphere  per  centi- 
meter) would  be  3.3ju.  If  the  flow  were  taking  place 
through  spaces  between  parallel  planes  for  a  similar  rate 
and  pressure  gradient,  he  estimated  a  distance  between 
planes  of  2.04^t.  Since  these  demands  of  pore  size  are 
obviously  larger  than  can  be  expected  in  cell  walls,  he 
concluded  that  part  of  the  flow  must  take  place  through 
the  lumen  of  the  phloem  cell.  Steward  and  Priestley 
(1932)  have  given  a  clear  presentation  of  the  weaknesses 
in  Crafts'  earlier  calculations  of  the  resistances  to  be  met 
in  flow  through  phloem  walls. 

By  the  time  he  wrote  his  second  paper,  therefore,  Crafts 
was  beginning  to  appreciate  the  difficulties  attendant  on  a 
flow  restricted  to  cell  walls  and  suggested  that  part  of  the 
flow  might  take  place  through  the  lumen.  In  this  paper 
he  reports  an  apparently  unobstructed  flow  from  the 
phloem  of  the  cut  peduncles  of  cucumber  fruits,  even  when 
the  sieve  plates  are  covered  with  thick  callous  plates.  There 
are  also  interesting  calculations  on  rates  of  flow  and 
valuable  material  on  the  anatomy  of  Cucurbita  phloem. 

When  he  finally  realized  the  impossibly  great  pressures 
necessary  to  force  solutions  along  through  the  walls  and 
when  further  investigations  led  him  to  conclude  that  sieve- 
tube  protoplasm  is  completely  permeable,  he  modified  his 
first  proposal  and  suggested  (1933)  that  the  entire  cross 
section  of  the  phloem  would  act  as  the  channel  of  transport. 
In  this  later  paper  he  proposes  that  the  principal  path  of 
transport  is  the  lumen  of  the  sieve  tubes,  while  the  flow 
from  cell  to  cell  may  take  place  not  through  sieve  pores  or 
protoplasmic  strands  but  by  filtration  across  any  end  or 
side  walls  of  the  sieve  tube  that  might  intervene.  He 
assumes  that  the  sieve-tube  protoplasm  is  different  from 
that  of  other  cells  in  that  it  is  completely  permeable.  The 
basis  for  this  assumption  is  that  in  sections  mounted  for 
observation  the  mature  sieve  tubes  do  not  behave  as  young 
sieve  tubes  or  other  living  cells  in  that  they  fail  to  accumu- 
late neutral  red,  stain  easily  with  analin  blue,  and  are  also 
incapable  of  being  plasmolyzed.     It  is  possible,  however, 
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that  this  peculiar  behavior  of  sieve  tubes  is  abnormal  and 
is  the  result  of  injury  due  to  cutting  and  loss  of  contents 
by  exudation.  Calculations  of  rates  of  transport  through 
potato  stolons,  as  well  as  rates  of  flow  from  cut  phloem  of 
cucurbits,  have  led  him  to  conclude  that  it  is  not  possible 
for  solutions  to  flow  through  the  pores  of  sieve  plates  at  the 
rate  required  for  transport  or  actually  observed  in  exuda- 
tion. He  suggests,  therefore,  that  they  must  pass  freely 
across  walls  at  all  points.  The  finding  of  rapid  exudation 
from  very  young  tips  of  shoots  and  roots,  where  differenti- 
ated sieve  tubes  with  visible  pores  are  absent,  has  given 
added  impetus  to  this  interpretation,  although  he  seems  to 
disregard  his  observation  that  yoling  sieve  tubes  do  not 
show  this  high  permeability. 

A  number  of  investigators  have  reported  rapid  exudation 
from  young  undifferentiated  tissues  when  these  are  cut 
into.  Sachs  (1887,  p.  362)  had  observed  the  exudation 
of  sap  from  the  cut  surface  of  turgid  parenchyma  and 
remarked  on  the  fact  that  the  amount  of  exudate  was  so 
great  that  it  could  not  all  have  been  contained  in  the  cells 
that  were  cut  open  but  must  have  come  from  cells  at  some 
distance  from  the  cut.  He  points  out  that  this  is  not  so 
easily  explained  as  the  exudation  from  cut  sieve  tubes  or 
latex  vessels,  for  in  the  parenchyma  cells  the  fluid  must 
filter  through  the  protoplasmic  linings.  Miinch  (1930) 
reports  exudation  from  exposed  cambium,  though  he  has 
assumed  this  was  mostly  water.  Crafts  (1931,  1932,  1933) 
has  observed  ready  exudation  from  immature  cells  near 
the  shoot  and  root  tips  of  Cucurbita  and  Solarium  in  which 
sieve  tubes  had  not  become  differentiated.  James  and 
Baker  (1933)  have  observed  similar  exudation  from  the 
cambial  region  of  Acer  pseudoplatanus,  and  explain  the 
bleeding,  observable  in  many  stems,  as  having  originated 
from  the  cambial  and  other  immature  cells  as  a  result  of 
flow  of  cell  contents  according  to  the  Miinch  mechanism. 
They  claim  the  exudate  does  not  come  from  the  xylem  as 
is  usually  assumed.  Miinch  and  his  followers  interpret 
this  flow  as  indicating  a  normal  translocation  flow  through 
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plasmodesma  and  sieve  pores.  Crafts,  because  he  finds 
the  plasmodesma  and  sieve  pores  so  small,  interprets  the 
flow  as  coming  from  the  walls  or  from  the  completely 
permeable  sieve  tubes.  It  seems  to  me,  however,  that  it 
may  be  strictly  abnormal  exudation  of  cell  contents  through 
breaks  in  the  surface  layer  or  through  plasmodesma  that 
have  become  greatly  distended  as  a  result  of  cutting. 
Such  cutting  would  release  the  external  pressures  which 
normally  would  prevent  the  distention  of  thin-walled  cells 
having  high  osmotic  concentrations.  Miehe  (1901)  reports 
having  observed  nuclei  to  pass  through  plasmodesma 
when  immature  parenchyma  or  epidermal  tissues  are 
wounded.  It  is  conceivable  that  this  movement  may 
have  resulted  from  sudden  release  of  pressure  and  disten- 
tion of  plasmodesma. 

Although  Crafts  claims  that,  according  to  his  proposals, 
there  need  be  no  pressure  gradient  between  supplying  cell 
and  receiving  cell,  as  is  required  by  the  Miinch  hypothesis, 
his  hypothesis  does  require  a  pressure  gradient  through  the 
phloem,  and  no  mechanism  is  obvious  that  will  account  for 
secretion  into  the  permeable  sieve-tube  system  at  the  sup- 
plying end  and  removal  from  the  walls  at  the  receiving 
end.  For  the  latter  he  says  ''The  ability  of  living  non- 
photosynthesizing  cells  to  produce  a  low  concentration 
within  their  walls  is  all  that  is  necessary."  Too  much 
space  would  be  necessary  adequately  to  discuss  the  essen- 
tials and  the  difficulties  involved  in  a  system  that  would 
be  effective  in  introducing  sugars  into  the  phloem  and  in 
maintaining  a  pressure  gradient  that  could  cause  a  flow  in 
the  proper  direction  through  the  phloem  which  has  a  com- 
pletely permeable  sieve  tube  system,  but  which  must 
prevent  leakage  through  the  walls  or  through  accidental 
breaks.  Special  difficulties  are  also  involved  in  accounting 
for  absorption  of  the  sugar  through  their  surface  membranes 
by  the  living  cells  at  the  receiving  end,  and  since  a  unidirec- 
tional flow  of  solution  is  assumed,  there  must  be  some  means 
also  for  getting  rid  of  the  water  that  is  carrying  the  sugar. 
Unless  the  pressure  on  the  solution  in  the  phloem  at  the 
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surface  of  the  receiving  cell  is  in  excess  of  the  maximum 
osmotic  pressure  in  the  phloem,  water  will  be  drawn  across 
the  living  cell  into  the  phloem  instead  of  being  forced  out  of 
the  phloem. 

Although  Crafts  claims  an  advantage  for  his  hypothesis 
because  of  the  greater  cross-sectional  area  allowed  for 
transport,  and  because  it  is  supposed  not  to  require  that 
the  receiving  cells  have  lower  turgor  than  the  supplying 
cells,  the  hypothesis  still  retains  most  of  the  serious  weak- 
nesses of  the  Miinch  hypothesis.  These  have  already 
been  discussed  under  1,  2,  4,  5,  6,  and  7  of  Sec.  30  and  need 
not  be  repeated.  The  modifications  proposed,  although 
they  are  supposed  to  overcome  some  of  the  weaknesses  of 
the  Miinch  hypothesis,  because  the  proposed  channel  for 
transport  is  larger  than  that  of  the  Miinch  scheme  and  the 
receiving  cells  can  have  a  higher  turgor  than  the  supplying 
cells,  really  result  in  loss  of  much  of  the  simplicity  of  the 
Miinch  hypothesis  and  introduce  other  serious  difficulties. 
Crafts'  scheme  also  seems  to  be  based  on  more  unproved 
assumptions  than  that  of  Miinch.  These  major  unproved 
assumptions  are:  (1)  that  the  supplying  cells  can  in  some 
way  introduce  sugars  into  the  phloem  in  such  a  manner 
that  they  will  develop  a  pressure  gradient  leading  to  the 
receiving  cells ;  (2)  that  the  sieve  tubes  are  completely  per- 
meable and  offer  a  minimum  of  resistance  to  flow  of  solu- 
tion through  the  lumen  and  across  walls  at  all  points,  and 
yet  that  phloem  is  so  enclosed  by  cambium  and  phellogen 
as  to  prevent  leakage;  and  (3)  that  the  receiving  cells  can 
absorb  sugars  against  a  gradient  with  such  rapidity  as  to 
lower  greatly  the  concentration  within  the  wall  outside  of 
the  living  membrane.  Because  of  the  many  weaknesses 
in  the  hypothesis  of  Crafts  and  because  the  necessary 
assumptions  are  not  merely  unproved*  but  seem  highly 
improbable,  I  at  no  time  have  accepted  his  hypothesis  and 
still  feel  that  the  hypothesis,  even  as  modified  to  include 
transport  through  the  cell  lumina,  is  untenable. 

*  Phillis  and  Mason  (1933)  have,  however,  demonstrated  accumulation 
of  sugar  in  the  phloem  against  a  concentration  gradient. 


172  TRANSLOCATION  IN  PLANTS 

Although  I  have  never  accepted  Crafts'  suggestion 
that  the  walls  form  an  important  path  for  transport, 
or  that  the  sieve  tubes  are  completely  permeable  so  that 
the  entire  cross  section  is  available  for  transport,  or  that 
exudation  in  any  way  indicates  a  normal  flow,  or  that  the 
proposed  mechanism  accounts  for  the  flow,  I  think  these 
probably  mistaken  interpretations  should  not  blind  one  to 
the  fact  that  his  evidence  indicates  that  the  exudation 
from  cut  phloem,  as  well  as  from  cut  cambium  and  young 
meristematic  tissue,  can  hardly  have  come  from  normal 
sieve  pores  or  plasmodesma  if  these  are  of  the  size  observed 
in  fresh  cut  material.  The  exudation  from  Cucurhita 
stems,  in  which  most  of  the  phloem  had  heavy  callus  on 
the  sieve  plates,  indicates  that  the  exudation  perhaps  does 
not  come  from  sieve  tubes.  This  is  supported  by  his 
observations,  and  those  of  others,  on  the  exudation  from 
young  tissues  in  which  the  sieve  tubes  have  not  become 
differentiated.  Although  Crafts  obviously  has  accepted 
the  translocation  mechanism  proposed  by  Miinch  and 
suggested,  first  that  the  walls,  and  later  that  the  entire 
phloem  might  be  the  channel,  because  his  measurements 
and  calculations  pointed  to  the  inadequacy  of  the  sieve 
pores  or  plasmodesma  to  allow  for  the  exudation  observed, 
it  seems  to  me  that  his  findings  really  tend  to  throw  doubt 
on  the  vahdity  of  the  hypothesis  of  transport  by  a  pressure 
flow.  If,  on  the  other  hand,  sieve  pores  and  plasmodesma 
are  distended  under  natural  conditions  and  much  larger 
than  observed  in  cut  material,  many  of  the  calculations 
may  be  misleading. 

Crafts  is  not  the  first  to  have  suggested  that  walls  may 
form  the  path  of  transport.  Bokorny  (1890)  found  iron 
to  be  deposited  in  the  thick-walled  elements  of  both  xylem 
and  phloem  when  the  plants  had  previously  been  supplied 
with  a  solution  of  iron  sulphate.  He  concluded  that  this 
supported  the  earlier  suggestion  of  Sachs  that  water  rose 
through  the  walls  by  imbibition.  Priestley  (1929)  pro- 
posed a  flow  of  solution  within  walls  to  supply  the  shoot 
meristem  and  Scott  and  Priestley   (1928)   proposed  that 
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the  soil  solution  penetrates  along  the  walls  of  the  root  cortex 
cells.  Neither  of  these  types  of  cells  have  the  peculiar  thick 
walls  of  the  phloem  region.  As  has  been  stated  in  Sec.  22, 
the  flow  within  walls  of  the  root  cortex  is  based  chiefly  on 
the  meager  evidence  of  the  staining  of  the  walls.  The 
suggested  flow  within  the  walls  into  the  meristem  is  also 
largely  assumption  with  little  or  no  supporting  evidence. 
Priestley's  chief  reasons  for  suggesting  the  walls  as  the 
channel  for  transport  are  that  living  membranes  show  high 
impermeability  and  that  a  rapidly  developing  cell  would 
be  unlikely  to  allow  necessary  foods  to  pass  through  to 
other  cells.  If  solutes  diffuse  from  cell  to  cell  through 
plasmodesma  and  not  through  surface  membranes,  the  first 
reason  offered  loses  its  force  as  does  perhaps  the  second 
reason  also.  Furthermore  the  mechanism  suggested  by 
Priestley  to  account  for  forcing  the  sap  into  the  meristem 
is  not  based  on  very  positive  evidence. 

The  mechanism,  as  I  understand  it,  is  that  an  isolated, 
maturing  xylem  element,  or  group  of  elements,  as  it  becomes 
permeable,  releases  a  rather  concentrated  solution  which 
draws  water  osmotically  across  the  membranes  of  enclosing 
cells.  This  sap,  rich  in  foods,  is  thus  forced  within  the 
walls  to  the  meristem.  This  explanation  of  the  method 
of  the  nutrition  of  the  growing  point  is  based  on  three 
assumptions  each  of  which  appears  to  me  not  only  unsup- 
ported by  direct  evidence  but  even  highly  improbable.  In 
the  first  place  it  is  assumed  that  the  xylem  elements,  in 
maturing  and  losing  their  protoplasmic  membranes,  release 
a  relatively  concentrated  solution.  To  me  it  seems  more 
likely  that  by  the  time  the  cell  approaches  death  or  loss 
of  its  membrane  it  has  used  up  practically  all  of  its  available 
organic  material  in  respiration  and  in  forming  the  cell  wall ; 
thus  little  or  none  would  be  left  either  for  developing  the 
pressure  necessary  to  force  the  solution  along  the  walls  or 
for  nourishing  the  meristem.  In  the  second  place  it  is 
assumed  that  this  solution  would  be  forced  toward  the 
meristem,  but  it  is  not  clear  as  to  what  would  prevent  its 
leakage  in  all  directions  away  from  as  well  as  toward  the 
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meristem.  Some  additional  mechanism  for  bringing  solutes 
into  the  meristem  must  be  necessary  because  each  crop  of 
new  cells  can  hardly  depend  upon  the  foods  released  by  the 
maturing  ones  for  their  nutrition,  even  if  the  mechanism 
were  so  perfect  as  to  allow  no  loss  whatever  by  leakage. 
In  the  third  place  evidence  demonstrating  that  solutions 
can  or  do  flow  within  the  walls  of  such  meristematic  cells 
is  lacking.  Steward  (1930)  has  given  evidence  that  points 
very  clearly  to  the  complete  inadequacy  of  diffusion  along 
walls  for  supplying  growing  tissues  with  necessary  solutes. 

33.  Hypothesis  Accounting  for  Transport  by  Moving 
Protoplasm. — The  hypotheses  thus  far  discussed  assume 
that  there  is  a  mass  flow  of  solution  through  the  phloem 
cells,  Miinch  suggesting  that  the  flow  is  through  the  lumen 
and  Crafts  suggesting  that  the  entire  phloem  cross  section, 
lumen,  protoplasm,  and  cell  wall  form  the  channel.  Among 
the  older  proposals  we  find  the  suggestion  that  moving 
protoplasm  itself  may  carry  the  solutes.  Hartig  (1858) 
was  among  the  first  to  observe  protoplasm  moving  within 
cells  and  suggested  that  it  might  be  moving  nutritive  sap. 
DeVries  (1885)  pointed  out  that  diffusion  alone  is  altogether 
too  slow  to  account  for  translocation  and  suggested  that 
protoplasmic  streaming  would  greatly  hasten  the  move- 
ment. He  observed  and  measured  the  rates  of  streaming 
in  companion  cells  and  phloem  parenchyma.  The  hypothe- 
sis that  this  protoplasmic  streaming  would  account  for 
translocation  seems  to  have  been  rather  generally  dropped 
shortly  after  its  proposal,  however,  for  Lecomte  (1889), 
Strasburger  (1891),  and  others  found  that  streaming, 
though  active  in  the  individual  sieve-tube  elements  when 
they  are  young,  is  no  longer  visible  after  the  cytoplasm 
forms  a  thin  layer  next  to  the  wall  and  the  pores  appear 
to  open  between  sieve-tube  segments.  This  is  just  the 
stage  at  which  one  would  expect  the  tubes  to  become 
functional,  but  since  movement  was  not  observed  after 
this  stage,  it  was  assumed  that  there  must  be  some  other 
mechanism  concerned  in  transport. 

As  was  pointed  out  in  an  earlier  paper,  however  (Curtis, 
1929),  it  seems  highly  possible  that  the  failure  to  observe 
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protoplasmic  streaming  in  mature  sieve  tubes  has  been 
due  to  the  fact  that,  in  preparing  the  material  for  observa- 
tion under  the  microscope,  the  sieve-tube  contents  are 
greatly  disturbed  by  cutting  open  the  system  which 
normally  has  a  high  internal  pressure.  Assuming  that 
streaming  does  occur  in  sieve  tubes  at  rates  of  the  order  of 
those  found  in  internodal  cells  of  Nitella  or  Chara,  then 
it  would  seem  to  offer  a  possible  mechanism  for  the  trans- 
port of  solutes  in  plants.  In  such  a  system  of  tubes 
containing  streaming  protoplasm  it  is  conceivable  that  a 
diffusion  gradient  of  1  per  cent  per  centimeter  may  be 
maintained  over  a  distance  of  a  meter  when  the  actual 
difference  in  concentration  at  the  two  points,  a  meter 
apart,  is  only  1  per  cent.  If  streaming  is  sufficiently 
rapid,  the  distance  over  which  actual  diffusion  takes  place 
may  be  largely  determined  by  the  sum  of  the  thicknesses 
of  the  various  membranes  through  which  diffusion  must 
take  place.  If  this  total  thickness  of  cross  walls  in  a  stem 
a  meter  long  is  2  cm.,  then  the  real  diffusion  gradient 
would  be  determined  by  the  actual  distance  over  which 
movement  is  limited  to  diffusion.  According  to  the 
assumption  above,  this  would  be  2  cm.  Thus  the  very 
slight  diffusion  gradients  reported  by  Mason  and  Maskell 
(19286)  which  would  be  meaningless  if  the  movement  were 
left  to  diffusion  alone  might  well  account  for  considerable 
movement  if  the  total  thickness  of  the  membranes  through 
which  diffusion  must  take  place  is  slight  and  protoplasmic 
streaming  is  carrying  the  solute  from  one  end  of  the  tube 
to  the  other. 

Diffusion  across  thin  membranes  is  extremely  rapid  as 
compared  with  that  over  the  long  distances  used  by  deVries 
in  his  calculations,  for,  as  A.  V.  Hill  (1926)  has  emphasized, 
the  time  before  appearance  of  a  given  amount  of  solute 
which  is  moving  by  diffusion  into  a  medium  lacking  the 
particular  solute,  is  inversely  proportional  to  the  square 
of  the  distance.  Thus  taking  Stefan's  calculation,  that 
it  would  take  319  days  for  a  milligram  of  sodium  chloride 
to  diffuse  past  a  plane  at  a  distance  of  one  meter,  the  time 
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to  carry  a  similar  amount  a  distance  of  lO^i  (more  nearly 
the  thickness  of  the  cell  wall)  would  be  3.19  X  10"^^  ^j^y, 
or  about  0.003  sec,  ten  billion  times  as  fast.  Of  course,  one 
would  not  expect  so  steep  a  gradient  as  this  in  conducting 
tissues,  but  it  is  evident  that  difTusion  over  short  distances 
is  extremely  rapid.  The  large  number  of  strands  traversing 
the  sieve  plates  or  those  connecting  one  living  cell  with 
another  through  plasmodesma,  although  they  offer  but  a 
small  total  cross-sectional  area,  should  be  highly  effective 
in  allowing  movement  from  one  cell  to  another  by  diffusion, 
as  was  pointed  out  by  Brown  and  Escomb  (1900). 

A  rotating  stream  of  the  type  postulated  could  readily 
carry  salts,  proteins,  or  any  soluble  or  adsorbed  material 
from  the  roots  in  one  direction  in  the  same  cells  that  are 
carrying  sugars  in  the  opposite  direction  from  the  photo- 
synthetic  organs.  In  such  a  system  the  direction  of 
movement  of  a  given  solute  would  be  determined  by 
concentration  differences*  between  the  region  of  supply 
and  that  of  use,  and  the  amount  of  solute  moved  would  be 
determined  by  the  combined  influence  of  concentration 
difference,  the  rate  of  streaming,  the  number  of  cross 
walls,  and  perhaps  also  the  effectiveness  of  the  strands  in 
preventing  mixing  of  the  streams  going  in  opposite  direc- 
tions. It  is  conceivable,  therefore,  that  movement  might 
be  more  rapid  between  two  points  a  decimeter  apart  than 
that  between  two  points  a  centimeter  apart,  when  the 
actual  concentration  difference  is  the  same  in  both  systems. 
For,  if  the  elongated  cells  connecting  the  receiving  and 
supplying  regions  over  the  longer  distance  all  show  active 
streaming,  whereas  the  protoplasm  in  the  cells  over  the 
shorter  distance  is  not  streaming;  then,  since  the  total 
cross-wall  thickness  through  which  diffusion  must  take 
place  over  the  decimeter  distance  would  probably  be  much 

*  These  concentration  differences  might  appear  as  actual  positive  gradi- 
ents, or,  where  living  cells  are  capable  of  concentrating  certain  solutes  or 
ions  against  a  concentration  gradient,  they  may  appear  negative  when 
comparing  the  receiving  cell  or  tissues  and  the  source  of  supply.  Taking 
into  consideration  the  actual  dynamic  equilibrium  conditions,  however,  the 
gradient  along  the  path  should  always  be  positive. 
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less  than  1  cm.,  the  rate  of  transfer  might  be  greater  than 
over  the  shorter  distance  where  movement  is  hmited  to 
diffusion.  The  steepness  of  diffusion  gradients  between 
supplying  and  receiving  cells  alone,  therefore,  may  be  of 
minor  importance  in  determining  solute  distribution.  If 
there  is  a  continuous  series  of  active  streaming  cells  between 
supplying  and  receiving  cells  and  if  there  is  actual  flow 
through  sieve  pores,  as  seems  likely,  then  the  distance 
between  the  regions  becomes  a  minor  factor. 

Points  favoring  the  hypothesis  that  transport  through 
the  phloem  takes  place  by  a  combination  of  diffusion  with 
protoplasmic  movement  of  the  nature  of  rotation  or 
streaming  are  as  follows:  (a)  Such  movements  could 
account  for  transport  at  a  rate  immensely  faster  than 
can  be  accounted  for  by  diffusion  alone,  ih)  Such  a 
mechanism  would  allow  for  simultaneous  transport  in 
both  directions,  and  considerable  evidence  points  toward 
such  simultaneous  transport,  although  for  specific  sub- 
stances the  movement  may  be  almost  exclusively  in  one 
direction  (see  Sec.  38).  (c)  It  could  also  account  for  the 
selective  transport  of  special  substances  to  special  tissues 
(see  paragraph  4  of  Sec.  28).  {d)  The  postulated  mech- 
anism could  easily  account  for  transport  to  particular 
tissues  where,  because  of  the  distance  from  the  supply  or 
because  of  only  slight  diffusion  or  pressure  gradients,  other 
suggested  mechanisms  would  seem  not  to  be  adequate,  (e) 
This  mechanism  also  seems  to  offer  a  simple  explanation 
of  the  mutual  interchange  of  material  between  a  pair  of 
active  organs  such  as  root  and  leaf  or  root  and  shoot  (see 
Sec.  42).  (/)  This  hj^Dothesis  does  not  demand  great 
pressure  differences  which  are  indispensable  for  the  hypoth- 
eses of  Miinch  and  of  Crafts,  {g)  It  could  also  account 
for  ready  transport  to  a  receiving  tissue  independently 
of  whether  that  tissue  had  a  higher  or  a  lower  osmotic 
concentration  or  turgor  pressure  than  the  supplying  tissue. 
It  could  thus  account  for  an  emptying  of  flaccid  storage 
tissues  into  turgid  receiving  tissues  as  well  as  for  a  rapid 
transport  from  leaves  during  the  day  when  their  turgor 
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is  greatly  reduced  (see  paragraph  3,  Sec.  30).  (h)  The 
sieve  structures  peculiar  to  phloem  tissues  seem  of  sig- 
nificance in  that  they  should  allow  streaming  protoplasm 
to  move  from  segment  to  segment,  but  when  a  sieve  tube 
is  accidentally  ruptured,  the  release  of  pressure,  allowing 
an  abnormal  unidirectional  mass  flow,  results  in  an  accumu- 
lation of  protoplasm  or  other  semisolid  material  such  as 
starch  grains,  which  would  effectively  prevent  continued 
bleeding.  If  unidirectional  mass  flow  of  sieve-tube  con- 
tents due  to  internal  pressure  is  normal,  as  claimed  for 
the  Miinch  and  Crafts  hypotheses,  no  such  simple  explana- 
tion can  account  for  stoppage  when  the  sieve  tubes  are 
cut  or  broken,  (i)  If  solutes  are  transported  by  living 
protoplasm,  the  indication  that  living  cells  are  necessary 
for  transport  is  easily  explained. 

Any  hypothesis  postulating  unidirectional  mass  flow, 
whether  or  not  it  involved  the  mechanism  proposed  by 
Miinch  or  Crafts,  would  be  likely  to  have  most  of  the 
weaknesses  mentioned  in  connection  with  the  latter 
hypotheses,  especially  under  paragraphs  1  to  7  Sec.  30,  and 
would  be  likely  to  lack  the  advantages  just  mentioned 
under  headings  (a)  to  (i)  of  the  protoplasmic  streaming  and 
diffusion  hypothesis. 

34.  Weaknesses  in  the  Hypothesis  Accounting  for 
Transport  by  Protoplasmic  Streaming  and  Diffusion. — a. 
A  serious  weakness  in  this  hypothesis  is  that  the  mechanism, 
though  immensely  more  efficient  than  diffusion  alone,  still 
seems  inadequate  to  account  for  the  observed  rates  of 
movement.  Data  are  not  available  from  which  one  can 
make  very  accurate  calculations,  but  the  estimate  of 
Crafts  (1933)  for  the  increase  of  dry  matter  in  potato 
tubers  attached  to  plants  by  stolons  of  known  dimensions 
may  serve  as  a  satisfactory  basis.  He  estimated  that  the 
tubers  had  increased  in  dry  matter  at  a  rate  of  0.89  g. 
per  day.  Careful  measurements  were  made  of  the  cross- 
sectional  area  of  various  tissues  in  the  freshly  cut  stolons. 
These  are  given  in  Table  20. 

From  these  figures.  Crafts  estimated  that,  to  carry  0.89  g. 
of  dry  matter  through  the  stolon  in  24  hr.,  it  would  require 
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Table  20. — Areas  of  Measured  Potato  Stolon 

{From  Crafts) 


Stolon  av 

External  phloem . 
Internal  phloem . 
Total  phloem . . . . 

Sieve  tubes 

Sieve  pores 

Walls  of  phloem . 

Cortex 

Xylem 

Pith 


Sq.  mm. 


9.5 

1.15 

0.61 

1.76 

0.40 

0.009 

0.57 


%  of  stolon 


18.5 

5.7 

0.13 

6.0 

^36.5 

•=39.5 

*5.5 


*  Estimated  from  unpublished  data. 

approximately  9  cc.  of  a  10  per  cent  solution.  This  would 
have  to  move  at  a  linear  rate  of  19  cm.  an  hour  if  the 
total  cross-sectional  area  of  the  entire  phloem,  walls  and 

.,11  t.         ,  /    0-89  X  9    \       ,„ 

lumen,  were  available  as  a  channel  In  ni-r  y  24/  ^       ' 

or  83.0  cm.  per  hour  if  the  flow  were  restricted  to  the 
sieve  tubes.     He  estimated  the  total  cross-sectional  area 
of  the  sieve  strands  (pores)  to  be  2.3  per  cent  of  that  of 
the  sieve  tube.     Through  the  sieve  pores,  therefore,  the 
rate  would  have  to  be  3,609  cm.  per  hour.     On  the  basis 
that  0.89  g.  of  dry  matter  was  moving  in  the  pure  state, 
in  which  condition  it  would  occupy  approximately  0.6  cc, 
he  estimated  it  would  have  to  move  at  a  hnear  rate  of 
1.42  cm.  per  hour  if  the  entire  cross-sectional  area  of  the 
phloem  were  the  channel.     He  points  out  that  probably 
not  more  than  10  per  cent  of  the  phloem  area  could  be 
occupied  by  streaming  protoplasm  and  only  half  of  this 
could  be  moving  in  one  direction,  so,  on  the  assumption 
that  protoplasm  is  carrying  sugar  in  the  pure  state  equal 
to  its  own  volume,  it  would  have  to  move  at  a  linear  rate 
of  56.8  cm.  per  hour,  or  9.47  mm.  per  minute.     The  maxi- 
mum rate  of  streaming  he  observed  in  stolon  parenchyma 
was  only  1.8  cm.  per  hour  (0.3  mm.  per  minute),  and  since 
the   above   figure   takes   no   account   of   the   still   greater 
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restriction  of  the  sieve  pores,  through  which  he  estimated 
that  sugar  in  the  pure  state  must  flow  at  a  rate  of  270  cm. 
per  hour  to  carry  the  0.89  g.  in  24  hr.,  he  concludes  that 
protoplasmic  streaming  would  be  entirely  too  slow  to  act 
as  a  transporting  mechanism. 

On  the  other  hand,  it  is  probable  that  the  estimates  of 
rates  required  are  too  high  because,  as  pointed  out  in 
Sec.  26,  estimates  of  cross-sectional  areas  of  sieve-tube 
lumen  and  sieve  pores  are  probably  too  low.  Crafts  has 
found  the  sieve  pores  of  Cucurbita  to  be  smaller  than 
commonly  assumed.  The  open  net-like  appearance  of 
sieve  plates  in  Ailanthus,  Liriodendron,  and  Populus 
figured  by  MacDaniels  (1918),  however,  indicates  that 
many  kinds  of  sieve  plates  have  large  openings.  It  is 
true,  on  the  other  hand,  that  the  reagents  used  in  pre- 
paring these  materials  may  have  dissolved  out  callose 
layers  and  this  enlarged  the  openings.  It  is  probable  that 
the  cross  section  of  the  lumen  of  sieve  tubes  is  normally 
much  greater  than  appears  when  mounted  for  observation 
and  measurement,  because  the  marked  reduction  in  turgor, 
which  undoubtedly  occurs  when  the  system  is  cut  and  large 
amounts  of  exudate  appear,  is  likely  to  result  in  considerable 
shrinking,  especially  if  the  walls  are  appreciably  elastic. 
Crafts'  findings  (1931)  that  phloem  cell  walls  contain  about 
50  per  cent  water  indicate  that  they  may  be  elastic,  and 
measurements,  by  both  Miinch  and  Crafts,  of  the  osmotic 
concentration  of  phloem  contents  demonstrate  the  proba- 
bility of  high  turgor  pressures.  Measurements  of  osmotic 
concentration  of  phloem  exudate  from  Quercus  rubra  made 
by  Miinch  (1930)  ranged  from  20.9  to  23.7  atmospheres  at 
15°C.  and  from  Robinia  pseudoacacia  between  25.8  and 
37.5  atmospheres.  It  is,  of  course,  likely  that  this  phloem 
exudate  does  not  have  the  same  composition  as  the  natur- 
ally moving  components,  but  the  rapidity  of  exudation 
and  the  high  concentrations  found  clearly  indicate  high 
turgor.  Schumacher  (1933)  has  observed  that  the  fluid 
first  exuding  from  sieve  tubes  that  were  transporting 
fluorescein  contained  no  fluorescein.     This  was  restricted 
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to  the  protoplasm  and  appeared  later,  perhaps  when  the 
dying  protoplasm  could  no  longer  retain  it.  The  exudate, 
therefore,  may  not  be  a  true  sample  of  the  material  moving 
in  uninjured  cells.  Its  high  content  of  sugar,  however, 
indicates  that  if  some  other  part,  such  as  protoplasm,  is 
the  carrier  its  content  of  sugar  is  also  likely  to  be  high. 
Crafts  found  the  exudate  to  become  weaker  as  successive 
samples  were  taken,  as  did  also  Frey-Wyssling  (1932)  for 
the  exudate  from  the  latex  system  of  Hevea. 

The  very  fact  that  rate  calculations  based  on  dimensions 
obtained  from  cut  tissues  have  invariably  led  to  seemingly 
impossible  figures,  adds  weight  to  the  suggestion  that 
dimension  measurements  may  be  wrong.  For  example, 
the  calculations  of  Birch-Hirschfeld  (1920),  Dixon  (1922), 
Mason  and  Lewin  (1926),  Tincker  (1928),  and  Crafts 
(1931,  1932,  1933)  all  point  to  the  seeming  impossibility 
of  movement  through  the  phloem.  Ringing  and  xylem- 
cutting  experiments,  on  the  other  hand,  have  conclusively 
proved  that  the  materials  do  actually  move  at  adequate 
rates  through  these  tissues. 

The  seeming  inadequacy  of  streaming,  as  indicated  by 
calculations  of  necessary  rates,  may  in  part  also  be  due  to 
the  low  concentrations  of  sugar  assumed  to  be  moving. 
This  does  not  apply  to  Crafts'  calculations,  for  he  assumed 
movement  of  pure  sugar.  Miinch  has  found  phloem 
exudate  to  contain  as  high  as  23.8  per  cent  dry  matter,  of 
which  about  88  per  cent  was  sugar.  An  average  of  22 
determinations  from  8  kinds  of  trees  gave  a  dry-matter 
content  of  17  per  cent.  Miinch  (1930,  p.  132)  expresses 
this  as  a  percentage  of  water  in  which  case  the  average 
is  20.5  per  cent. 

It  IS  possible  that  rates  of  natural  streaming  in  sieve 
tubes  have  been  underestimated.  It  is  true  that  observed 
rates  of  streaming  in  ordinary  parenchyma  cells  and  hair 
cells  are  rather  low.  DeVries  (1885)  reported  streaming 
rates  of  0.2  to  0.4  mm.  per  minute  in  companion  cells,  and 
I  have  observed  rates  of  0.25  to  0.36  mm.  per  minute  at 
18°C.  in  the  companion  cells  and  phloem  parenchyma  of  a 
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number  of  plants,  and  at  25°C.  rates  of  0.5  to  0.6  mm.  per 
minute  in  the  stamen  hairs  of  Zebrina.  Rotational  stream- 
ing in  elongated  cells  of  Elodea,  Nitella,  Chara,  Valisneria, 
and  the  like,  however,  has  been  observed  to  take  place 
at  rates  commonly  running  up  to  1  to  2  mm.  a  minute. 
Ewart  (1903)  reports  a  maximum  rate  of  6  mm.  a  minute 
in  Nitella  at  40°C.  and  Lambers  (1926)  reports  maximum 
rates  of  5.5  to  7.9  mm.  a  minute  in  Chara,  Nitella,  and 
Tolypella  at  temperatures  between  30  and  40°C. 

Although  rates  of  visible  protoplasmic  streaming  in 
stamen  hairs,  leaf  hairs,  ordinary  parenchyma  cells,  and 
phloem  parenchyma  cells  are  usually  slower  than  those 
observable  in  large,  greatly  elongated  cells  like  the  inter- 
nodal  cells  of  Nitella  and  Chara,  it  is  possible  that  the 
streaming  in  the  specialized  sieve  tubes  is  as  rapid  as  or  even 
more  rapid  than  the  latter.  In  observing  streaming  of 
protoplasm  in  the  leaf  cells  of  Elodea,  one  can  often  see 
that  the  more  elongated  cells  near  the  midrib  show  a  more 
active  streaming  than  the  other  cells.  This  strongly 
suggests  that  increased  streaming  activity  is  associated 
with  increased  length  of  cell  units  and  increased  transloca- 
tion requirements. 

In  plants  like  Nitella  there  seems  to  be  much  less  struc- 
tural organization  into  fine  moving  strands  than  is  evident 
in  other  parenchyma  cells,  but  even  here  there  is  not  a 
general  unorganized  rotational  flow  of  the  contents.  I 
have  repeatedly  observed  differences  in  rates  of  movement 
of  particles  of  different  size  in  Nitella,  the  small  particles 
moving  appreciably  faster  than  the  larger  ones.  As  the 
size  of  the  particles  approaches  the  lower  limits  of  visibility, 
rates  about  twice  those  of  the  larger  particles  are  evident. 
Similar  more  rapid  movement  of  the  finer  particles  in 
Elodea  is  also  apparent.  As  Scarth  (1927)  has  pointed 
out,  what  appears  to  be  a  revolution  of  the  whole  cytoplasm 
in  Elodea  really  consists  of  a  series  of  separately  moving 
strands  of  kinoplasm  carrying  the  chloroplasts.  It  is 
possible  that  certain  invisible  layers  of  this  kinoplasm 
move  much  more  rapidly  even  than  the  finer  granules 
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which  in  turn  can  be  seen  to  move  faster  than  the  chloro- 
plasts.  In  the  highly  speciaUzed  sieve  tubes,  it  is  con- 
ceivable that  the  strands  of  protoplasm,  or  certain  regions 
of  them  perhaps  carrying  sugars  and  other  solutes,  may  be 
moving  at  still  greater  speeds. 

Schumacher  (1933)  has  demonstrated  a  movement  of 
fluorescein  through  the  protoplasm  of  sieve  tubes  at  rates 
approximating  5  to  6  mm.  a  minute  under  optimum  con- 
ditions. He  suggests,  however,  that  the  dye  is  not  carried 
by  moving  protoplasm  (see  Sec.  37),  one  reason  being  that 
streaming,  with  the  exception  of  that  observed  in  plants 
like  Char  a,  is  usually  much  slower  than  this.  On  the  other 
hand,  it  seems  significant  that  this  observed  rate  of  move- 
ment is  within  the  range  of  possible  streaming  in  specialized 
cells. 

Although  it  seems  generally  agreed  that  there  is  no 
movement  of  protoplasm  through  the  fine  plasmodesma, 
it  is  possible  that  Kienitz-Gerloff  (1891)  was  correct  in 
suggesting  that  there  is  such  movement.  Ewart  (1903, 
p.  30)  claims  that  pressures  necessary  to  cause  flow  through 
such  pores  would  be  so  great  that  it  is  safe  to  conclude 
that  no  streaming  movement  in  mass  can  take  place 
through  them.  If  the  flow  is  due  merely  to  differences 
in  pressure  at  the  two  ends  of  the  minute  tube,  his  con- 
clusion seems  justified,  but  normal  protoplasmic  stream- 
ing seems  not  to  be  caused  by  such  pressure  differences. 
If  normal  streaming  in  fine  protoplasmic  threads  is  not 
due  to  pressure  differences  at  the  two  ends  of  the  thread, 
it  is  conceivable  that  flow  through  plasmodesma  and 
especially  that  through  the  coarse  connections  of  sieve 
pores  may  take  place  independently  of  ordinary  pressure 
differences.  Much  of  the  resistance  to  flow  through 
capillaries  is,  of  course,  due  to  friction,  but  when  forcing 
liquids  through  capillaries  filled  with  air  or  other  liquids, 
a  large  part  of  the  resistance  may  be  due  to  surface  tension. 
The  surface  tension  and  electrical  conditions  in  flowing 
protoplasm  may  be  such  as  to  enhance  flow  and  not  resist 
it.     The  probability  (denied  by  some  investigators)  that 
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fine  protoplasmic  threads  can  pass  through  walls  and  thus 
connect  protoplasts  with  one  another  which  were  not 
originally  connected,  tends  to  prove  that  protoplasm 
actually  passes  through  these  pores,  and  was  not  merely 
left  behind  as  remnants  or  mere  wall  markings  when  the 
parent  cell  divided.  Such  penetration  through  walls  is 
obvious  where  the  connections  are  formed  between  cells 
that  were  not  originally  in  contact,  as  in  graft  unions 
or  wound  healing.  In  fact,  since  there  are  connections  on 
all  faces  of  a  mass  of  cells  all  of  which  came  from  the  same 
parent  cell,  they  cannot  possibly  have  been  left  as  remnants 
or  wall  markings  at  the  time  the  walls  were  laid  between 
dividing  cells.  New  threads  therefore  must  have  pene- 
trated through  the  walls  (or  new  markings  have  developed 
in  the  walls  if  they  are  merely  markings  as  seems  improb- 
able). Examples  of  haustorial  penetration  of  host  plants 
by  parasitic  fungi  are  well  known  and  demonstrate  the 
ability  of  protoplasmic  penetration  through  walls.  These 
strands,  however,  seem  larger  and  more  nearly  the  size 
of  those  in  sieve  pores.  The  ready  movement  of  certain 
viruses  from  living  cell  to  living  cell  and  the  failure  of  the 
virus  to  enter  intact  living  cells  from  the  xylem,  as  well  as 
failure  to  move  out  into  the  xylem  from  these  cells,  as 
reported  by  Caldwell  (1931),  give  added  evidence  that 
plasmodesma  are  actual  protoplasmic  connections  which 
allow  for  movement  of  colloidal  materials,  and  at  least 
offer  less  resistance  to  penetration  than  does  the  surface 
membrane. 

It  seems  probable  that,  especially  in  certain  of  the  higher 
types  of  sieve  tubes,  as  in  the  cucurbits  and  vines  where 
the  pores  between  sieve-tube  segments  appear  large  and 
the  connecting  strands  are  relatively  coarse,  there  is  active 
streaming  of  the  protoplasm  through  the  pores.  It  is 
possible  that  strands  flow  in  one  direction  through  some 
of  the  pores  and  back  through  other  pores  in  the  opposite 
direction.  Possibly  both  currents  pass  through  a  single 
pore,  for  in  observing  protoplasmic  movements  one  can 
frequently  see   a  movement  in  both   directions   along  a 
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single  narrow  strand.  Under  such  conditions  a  single 
rotating  or  streaming  unit  may  be  a  decimeter  or  more 
long.  This  would  necessitate  less  frequent  diffusion  across 
walls. 

h.  Another  major  weakness  in  this  streaming  hypothesis 
is  that  streaming  has  not  been  demonstrated  in  mature 
sieve  tubes,  except  in  such  aquatics  as  Elodea,  and  in  these 
the  cells  may  not  be  typical  or  true  sieve  tubes.  The  facts 
that  active  streaming  and  rotational  movements  have 
been  observed  in  practically  all  types  of  living  plant  cells, 
that  this  is  especially  noticeable  in  elongated  cells,  and 
that  a  not  unreasonable  explanation  for  failure  to  observe 
streaming  in  mature  sieve  tubes  is  at  hand,  as  explained  on 
page  174,  all  greatly  reduce  the  seriousness  of  this  weakness. 

c.  Tests  with  aquatic  plants,  like  Elodea  and  Vallisneria 
which  show  active  streaming,  have  not  clearly  demon- 
strated that  streaming,  even  when  it  is  known  to  take 
place,  is  effective  in  greatly  hastening  transport.  Bierberg 
(1908)  observed  that  transport  was  faster  in  plants  showing 
protoplasmic  rotation  than  in  those  in  which  streaming 
was  stopped  by  ether.  The  increased  rates,  however,  were 
only  between  three  and  four  times  those  in  the  check  plants 
and  this  seems  rather  insignificant.  Although  Bierberg 
states  that  he  used  potassium  nitrate,  sodium  chloride,  and 
lithium  carbonate,  he  does  not  state  which  of  these  gave 
the  reported  results.  Kok  (1931,  1933),  using  pieces  of 
Vallisneria  leaves  and  Drosera  tentacles,  tested  the  influence 
of  protoplasmic  rotation  on  the  transport  of  Uthium  nitrate 
and  caffein.  She  was  unable  to  detect  any  accelerating 
influence  of  rotation  on  transport,  although  both  the 
reagents  penetrated  into  the  vacuoles. 

A  failure  to  demonstrate  an  accelerating  influence  of 
rotation  on  the  transport  of  Uthium  salts  or  caffein  is  not 
conclusive  proof  that  such  streaming  will  not  favor  trans- 
port of  other  solutes.  It  is  probable  that  Hthium  is  not 
taken  up  by  the  streaming  part  of  the  system.  Birch- 
Hirschfeld  was  unable  to  demonstrate  transport  of  lithium 
through  the  phloem,  yet  it  has  been  conclusively  demon- 
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strated  that  other  solutes  are  rapidly  carried  through  the 
phloem.  Schumacher  (1933)  has  offered  rather  conclusive 
proof  that  fluorescein  is  transported  through  sieve  tubes 
with  great  rapidity,  5  to  6  mm.  per  minute,  and  that  this  is 
probably  transported  exclusively  by  the  protoplasm  (see 
Sec.  37).  He  suggests,  however,  that  protoplasmic  move- 
ment itself  does  not  carry  the  dye. 

d.  If  materials  are  transported  through  the  phloem  by 
protoplasmic  streaming  it  would  seem  that  different 
materials  would  move  in  opposite  directions  simultaneously, 
and  it  has  not  been  clearly  demonstrated  that  transport 
through  the  phloem  does  take  place  in  both  directions 
simultaneously.  The  exudation  from  cut  phloem  undoubt- 
edly results  from  a  unidirectional  flow,  but  this  may  be 
strictly  abnormal  and  due  merely  to  opening  a  system 
which  is  under  high  pressure.  The  observations  of  Hartig 
(1861),  however,  that  exudation  ceases  when  a  second 
cut  is  made  above  the  first,  but  does  not  cease  when  the 
second  cut  is  below,  strongly  points  to  a  normal  flow  in 
one  direction.  If,  on  the  other  hand,  simultaneous  move- 
ment in  both  directions  is  demonstrated,  the  mechanisms 
which  demand  a  unidirectional  flow,  such  as  those  of 
Miinch  and  Crafts,  would  have  to  be  abandoned.  If, 
however,  unidirectional  transport  is  proven  the  proto- 
plasmic streaming  hypothesis  falls  down  or  would  require 
modification.  It  is,  of  course,  conceivable  that  the  proto- 
plasm moving  in  one  direction  is  different,  perhaps  bearing 
a  different  charge  from  that  moving  in  the  opposite  direc- 
tion and  may  thus  carry  a  given  substance  in  one  direction 
only.  There  is  some  evidence  strongly  pointing  to  a 
unidirectional  movement  of  specific  substances.  Bennett 
(1927)  reports  experiments  in  which  the  leaf  curl  virus  of 
raspberries  is  shown  to  move  through  the  phloem  in  but 
one  direction,  and  this  direction  seems  to  be  determined 
by  the  direction  of  major  movement  of  carbohydrates. 
Caldwell  (1931),  working  with  a  virus  on  tomato,  has 
demonstrated  simultaneous  movement  in  both  directions 
and   at   approximately  equal   rates.     However,   it   seems 
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that  this  virus  moves  rather  slowly  and  may  move  exclu- 
sively through  parenchyma  cells  and  not  through  the 
phloem. 

Van  der  Wey  (1932)  has  given  almost  incontrovertible 
evidence  that  the  growth  substance  of  Avena  coleoptiles 
is  carried  in  one  direction  only  and  he  gives  strong  evidence 
that  its  transport  is  independent  of  protoplasmic  streaming. 
This  growth  substance  is  probably  carried  through  phloem 
parenchyma  cells  of  the  coleoptile,  but  whether  it  is  also 
carried  through  sieve  tubes  is  not  known. 

Went  (1932)  has  proposed  that  specific  substances,  such 
as  these  growth  substances,  are  carried  cataphoretically 
under  the  influence  of  a  constant  electrical  gradient  in  the 
plant.  He  suggests  that  these  are  carried  in  the  companion 
cells,  while  the  foods  are  transported  through  the  sieve 
tubes  by  a  pressure  mechanism,  such  as  that  proposed  by 
Miinch.  Although  one  might  expect  growth  substances 
to  be  carried  through  the  phloem  by  the  same  mechanism 
as  food  transport,  this  point  is  still  far  from  settled. 

Schumacher  (1933)  has  observed  that  fluorescein  moves 
almost  exclusively  in  a  basipetal  direction  through  leaf 
petioles  of  Pelargonium,  although  when  reaching  the  stem 
it  more  commonly  spreads  in  both  directions.  Critical 
experiments  clarifying  this  point,  as  to  whether  transport 
of  solutes  through  the  phloem  is  strictlj^  unidirectional  or 
not,  would  help  greatly  in  our  solution  of  the  problem  as 
to  the  possible  mechanism  of  transport.  (For  further 
discussion  of  transport  of  special  substances  see  Sec.  38.) 

e.  Another  weakness  in  the  streaming  hypothesis  lies 
in  the  possibility  that  movement  might  not  be  determined 
by  a  diffusion  gradient.  Whether  this  weakness  is  to  be 
considered  serious  or  not,  will  depend  upon  the  outcome 
of  investigations  which  should  reveal  the  fact  whether 
transport  does  or  does  not  follow  a  diffusion  gradient. 
Thoroughly  adequate  data  on  this  point  are  at  present 
lacking,  although  recently  INIason  and  Maskell  have 
presented  rather  conclusive  evidence  that  sucrose  is  the 
sugar  of  transport  and  its  movement  through  the  sieve 
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tubes  is  correlated  with  its  diffusion  gradient.  A  detailed 
discussion  of  concentration  gradients  and  their  bearing 
on  the  transport  by  protoplasmic  streaming  are  considered 
in  Sec.  35  and  also  partly  in  Sec.  42. 

35.  The  Relation  of  Concentration  Gradients  to  Trans- 
port.— Although  Mason  and  Maskell  appear  to  be  the  first 
investigators  to  give  data  that  can  be  safely  interpreted 
as  indicating  real  concentration  gradients,  it  seems  desirable 
to  consider  briefly  the  works  of  a  few  others  which  give 
data  that  show  indications  of  concentration  gradients 
that  can  be  compared  with  the  findings  of  Mason  and 
Maskell  who  have  restricted  their  investigation  to  the 
cotton  plant.  Sachs  (1863),  Schimper  (1885),  Rywosch 
(1908,  1909),  and  others  have  observed  the  order  of  empty- 
ing and  filling  of  leaves  or  storage  organs  and  have  inter- 
preted these  in  terms  of  gradients,  but  they  are  of  little 
help  in  the  problem  before  us. 

From  results  of  many  analyses  of  leaf  blades,  midribs, 
and  stalks  of  several  plants,  but  principally  the  mangold 
and  potato,  Davis,  Daish,  and  Sawyer  (1916)  conclude 
that  sucrose  is  the  primary  product  of  photosynthesis  in 
all  leaves  and  that  this  is  introduced  into  the  conducting 
tissue  where,  during  transport  to  storage  roots  or  tubers,  it 
is  gradually  transformed  into  hexoses.  They  suggest 
that  the  sugar  is  finally  absorbed  as  hexose  by  the  storage 
organs,  in  the  cells  of  which  it  is  converted  into  the  storage 
product,  starch,  inuhn,  sucrose,  etc.  Their  analyses  of 
leaf  blades,  midribs,  and  upper  and  lower  parts  of  the  leaf 
stalks  showed  a  progressive  increase  of  hexoses  and  a  slight 
decrease  in  sucrose,  with  a  marked  decrease  in  proportion 
of  sucrose  to  hexose.  One  set  of  analyses  for  sugars  in  the 
mangold  showed  the  following  contents  expressed  as 
percentage  of  dry  weight  at  4  p.m. 


Sucrose . 
Hexose . 


Leaf 

Midrib 

4.38 
7.00 

6.08 
22.60 

Stalk 

5.26 
26.30 
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Since  their  data  are  expressed  only  as  percentages  of 
dry  weight,  there  is  no  way  of  knowing  what  the  actual 
concentration  gradients  were.  They  assume  that  the 
percentage  of  dry  weight  indicates  actual  concentration 
gradients  and  imply  a  diffusional  mechanism  for  transport. 
They  say  that  Brasse  in  1886  pointed  out  that  if  sugar 
moves  as  sucrose  it  must  move  contrary  to  ordinary 
laws,  for  the  concentration  in  the  receiving  cells  is  higher 
and  therefore  movement  would  be  expected  in  the  opposite 
direction.  Although  Davis,  Daish,  and  Sawyer  them- 
selves, imply  a  diffusion  mechanism  for  transport  and  their 
data  show  a  rather  steep  gradient  for  hexoses,  they  make 
no  comment  on  the  fact  that  the  concentration  gradient 
for  these  hexoses  leads  from  the  storage  organ  to  the  leaf 
and  not  in  the  direction  of  assumed  movement.  The 
sucrose  gradient  is  less  steep  but  does  lead  in  the  proper 
direction,  that  is  toward  the  storage  organ,  and  the  con- 
centrations show  only  sUght  daily  or  seasonal  fluctuations. 
The  hexoses,  on  the  other  hand,  fluctuate  greatly  both  with 
time  of  day  and  with  season.  Although  they  conclude 
that  hexose  is  the  translocation  sugar,  it  is  conceivable 
that  the  sugar  was  actually  being  transported  as  sucrose 
along  a  positive  diffusion  gradient  and  the  variations  in 
hexoses  merely  indicate  temporary  accumulation  and 
depletion  in  nonconducting  tissues. 

If  the  percentages  of  dry  weight  indicate  the  relative 
actual  concentrations,  the  total  osmotic  concentration  due 
to  carbohydrates  becomes  greater  at  greater  distances  from 
the  leaf,  for  although  total  sugar,  as  percentage,  varied 
only  sUghtly  between  upper  and  lower  parts,  the  hexose 
increased  markedly  at  greater  distances  from  the  leaf 
blade.  This  would  be  contrary  to  the  requirements  of 
the  Miinch  hypothesis.  The  hexose  gradient  is  also  con- 
trary to  the  requirements  of  the  diffusion  hypothesis.  The 
sucrose  gradient  within  the  midribs  and  stalks,  however, 
seems  in  agreement  with  the  diffusion  hypothesis.  The 
leaf  concentrations,  on  the  other  hand,  are  low  and  the 
concentration  in  the  receiving  organ  is  not  given.     Since 
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all  data  are  based  on  mass  analyses  of  a  mixture  of  tissues 
and  not  of  individual  tissues  and  since  they  are  expressed 
as  percentages  of  dry  weight,  further  discussion  of  the 
implications  would  seem  unprofitable. 

Belval  (1930),  from  analyses  of  banana  material,  came 
to  conclusions  similar  to  those  of  Davis,  Daish,  and  Sawyer, 
that  is,  that  sucrose  is  produced  in  the  leaf,  that  this 
enters  the  conducting  tissues  where  it  is  progressively 
transformed  into  hexoses  which  increase  in  amount  at 
greater  distances  from  the  leaves,  and  that  sugars  enter  the 
fruits  as  hexoses  and  are  then  transformed  into  starch. 

Weevers  (1924)  has  determined  the  hexose  and  sucrose 
contents  of  green  and  white  parts  of  twelve  difTerent  kinds 
of  variegated  leaves.  His  data  are  all  expressed  as  per- 
centages of  dry  weight.  In  only  one  of  the  twelve  did  he 
find  any  reducing  sugars  in  the  white  parts  and  in  that 
one  the  content  was  low  as  compared  with  the  amount 
in  the  green  parts.  The  hexose  gradient,  therefore, 
undoubtedly  led  from  green  to  white  parts.  For  sucrose, 
six  of  the  species  showed  higher  contents  in  the  green 
parts,  five  showed  higher  contents  in  the  white  parts,  and 
with  one  there  was  no  difference  between  the  two.  Since 
the  white  parts  had  a  higher  water  content  than  the  green 
parts,  it  is  probable  that  several  that  showed  a  higher 
sucrose  content  in  the  white  parts  when  expressed  as  per- 
centage of  dry  weight  would  have  shown  a  reverse  gradient 
if  expressed  as  percentage  of  water.  The  indications  are, 
therefore,  that  the  sucrose  gradient  as  well  as  that  for 
hexoses  is  in  the  direction  of  transport. 

Bruns  (1925)  has  presented  analytical  data  from  leaf 
tissues  that  have  some  bearings  on  sugar  gradients  and 
transport.  Using  leaves  of  Helianthus  and  Nicotiana  he 
determined  the  sugar  contents  of  the  larger  veins  and  those 
of  the  mesophyll.  Analyses  were  made  of  leaves  immedi- 
ately on  harvesting  after  a  bright  day  and  of  similar  leaves 
that  had  been  stored  in  the  dark  for  two  days.  Of  those 
stored  in  the  dark  some  were  stored  as  entire  leaves  while 
others   were   separated   into   main   veins    and   mesophyll. 
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There  were  also  two  conditions  of  storage,  moist  and  dry. 
For  the  most  part  the  data  are  expressed  as  percentages 
of  dry  weight,  but  since  the  water  contents  are  also  given 
the  sugar  contents  per  100  g.  of  water  can  be  easily  calcu- 
lated. Expressing  the  data  in  this  way  the  freshly  har- 
vested leaves  of  Helianthus  showed  0.643  g.  sucrose  and 
0.443  g.  hexose  per  100  g.  water  in  the  mesophyll,  and 
0.566  g.  sucrose  and  1.71  g.  hexose  in  the  veins.  Those 
for  Nicotiana  were  0.583  g.  sucrose  and  0.414  g.  hexose 
in  the  mesophyll,  and  0.502  g.  sucrose  and  1.58  g.  hexose  in 
the  veins.  In  the  entire  ten  sets,  five  each  of  Helianthus 
and  Nicotiana,  whether  analyzed  immediately  or  after 
moist  or  dry  storage  and  independently  of  whether  the 
mesophyll  and  principal  veins  were  or  were  not  isolated 
before  storage,  the  sucrose  gradients  in  all  but  one  instance 
with  Helianthus  were  found  to  lead  from  mesophyll  to 
veins.  The  hexose  gradients,  on  the  other  hand,  with  but 
one  exception  with  Nicotiana,  led  in  all  cases  from  veins 
to  mesophyll.  Maltose  was  found  in  the  mesophyll  in  all 
cases,  but  in  only  the  entire  leaves  in  dry  storage  where 
the  leaves  became  considerably  wilted  was  there  any 
maltose  found  in  the  veins. 

Bruns  also  presents  one  set  of  analyses  of  variegated 
leaves  of  Hedera  helix  in  which  the  white  parts  of  the  leaves 
were  separated  from  the  green.  The  green  parts  con- 
tained a  larger  proportion  of  veins  which  tends  to  compli- 
cate the  data  somewhat,  as  the  veins  have  a  higher  water 
content,  a  higher  hexose  content,  and  a  lower  sucrose 
content  than  the  mesophyll.  But  in  spite  of  this  the 
sucrose  per  100  g.  of  water  in  the  green  parts  was  2.94  g., 
while  that  in  the  white  parts  was  only  1.19  g.  The  reduc- 
ing sugars  also  had  a  higher  concentration  in  the  green 
parts,  but  this  may  have  been  due  in  part  to  the  greater 
proportion  of  veins. 

Mass  analyses  of  general  stem  or  leaf  tissues,  however,  as 
were  obtained  by  these  investigators  may  give  an  entirely 
wrong  impression  as  to  which  of  the  constituents  found  are 
actually  being  transported.     The  seeming  gradient  in  one 
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direction  for  sucrose  and  in  the  reverse  direction  for  hexoses 
may  not  actually  obtain  in  the  conducting  elements 
themselves. 

The  studies  of  Mason  and  Maskell  (19286,  1934), 
Maskell  and  Mason  (1930a,  1930c),  and  Phillis  and  Mason 
(1933)  give  a  much  clearer  picture  as  to  the  form  in  which 
carbohydrate  is  transported  and  the  concentration  gra- 
dients in  the  phloem.  Other  investigators  had  determined 
concentrations  of  sugars  by  analyzing  entire  veins  or 
petioles,  which  therefore  included  xylem  and  parenchyma 
tissues  with  the  phloem.  Mason  and  Maskell  not  merely 
separated  bark  from  wood  but  subdivided  the  bark  into 
outer,  middle,  and  inner  portions. 

The  distribution  of  the  phloem  is  not  uniform  through- 
out these  regions  of  the  cotton  bark  but  increases  markedly 
in  proportion  to  the  general  parenchyma  as  one  approaches 
the  cambium  (see  Fig.  11).  The  phloem  with  its  attendant 
sclerenchyma  forms  wedge-shaped  groups  with  the  base 
of  the  wedge  facing  the  cambium,  while  between  these 
groups  are  wedge-shaped  masses  of  general  parenchyma 
with  the  base  of  the  wedge  facing  the  outside.  The  inner 
layers  of  bark,  therefore,  contain  a  relatively  high  content 
of  phloem  and  low  content  of  cortical  parenchyma,  while 
outer  layers  contain  high  cortical  parenchyma  and  low 
phloem.  The  outer  phloem  is  also  older  and  much  of  it 
may  therefore  be  nonfunctional. 

Data  showing  the  radial  distribution  in  the  bark  of 
sucrose  and  reducing  sugars  as  well  as  of  several  nitrogen 
fractions  are  given  in  Table  21  and  Fig.  11.  These  clearly 
indicate  that  sucrose  is  the  predominant  sugar  in  the  inner 
tissues  which  are  chiefly  phloem  proper,  and  reducing 
sugar  is  predominant  in  the  outer  cortical  parenchyma. 
The  phloem  region  is  also  richer  in  crystalloid  nitrogen,  the 
significance  of  which  is  briefly  discussed  at  the  end  of  this 
section.  Not  only  does  the  high  sucrose  content  of  the 
phloem  (which  they  call  ''sieve  tubes")  indicate  that  this 
is  the  transport  sugar,  but  this  is  supported  by  their 
finding  that  any  marked  changes  in  sugar  content  of  the 
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Table  21.- 


-Radial  Distribution  of  Sugars  and  Nitrogenous 
Compounds  in  the  Bark 
Milligrams  per  100  g.  water 
(Frorn  Maskell  and  Mason) 


Inner 
fraction 

846.3 
390,0 
456.3 
329.0 
39.3 
88.0 


Total  nitrogen 

Protein  nitrogen 

Total  crystalloid  nitrogen 

Asparagine  nitrogen 

Amino-acid  nitrogen 

Residual  nitrogen  +  /    . . . 
Nitrate  nitrogen         ) 

Sucrose 

Reducing  sugars 

Total  sugars 


Outer 

Middle 

fraction 

fraction 

708.1 

766.6 

442.5 

348.3 

265.6 

418.3 

222.9 

346.1 

14.2 

20.3 

28.5 

51.9 

762.0 

1,607.0 

4,610.0 

3,651.0 

5,372.0 

5,258.0 

2,565.0 
3,082.0 
5,647.0 


bark  following  various  treatments  are  to  be  ascribed 
chiefly  to  changes  in  sucrose  content  of  this  inner  region. 
These  changes  were  normal  changes  with  time  as  well  as 
those  induced  by  defoliation  or  ringing.  It  was  found  that 
the  radial  gradient  of  sucrose  in  particular  was  altered  by 
defoliation  or  ringing.  Defoliation  resulting  in  a  decrease 
in  transport  of  sugar  caused  a  marked  falling  off  in  total 
sucrose  and  the  sucrose  gradient.  Ringing  below  the 
tested  region  so  as  to  prevent  removal  of  sugar  increased 
the  concentration  of  sucrose  as  well  as  the  radial  gradient. 
When  conditions  were  such  as  to  bring  about  movement 
of  sugar  from  leaf  to  bark,  bark  to  leaf,  bark  to  boll,  bark 
to  wood,  or  one  part  of  the  stem  to  another  part,  above  or 
below,  they  always  found  diffusion  gradients  for  sucrose 
in  the  respective  tissues  to  lead  in  the  proper  direction; 
and,  furthermore,  where  rates  were  estimated,  these  rates 
showed  a  high  correlation  with  concentration  gradients. 

Their  evidence  strongly  supports  their  conclusion  that 
sucrose  is  the  translocation  sugar  and  that  the  rate  and 
direction  of  translocation  are  determined  by  diffusion 
gradients.  The  observed  rates  of  movement  through  the 
phloem,    however,    would    give    a    diffusion    constant    for 
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sucrose  about  forty  thousand  times  as  great  as  the  diffusion 
constant  in  a  10  per  cent  solution  of  sucrose  in  water. 
This,  they  point  out,  '4s  almost  identical  with  the  diffusion 
constant  for  molecules  of  the  size  of  the  sucrose  molecule 
diffusing  in  air." 

In  their  analyses  of  sugar  concentrations  in  the  bark  and 
the  boll  of  cotton,  Mason  and  Maskell  found  in  the  bark 
a  concentration  of  2.441  per  cent  reducing  sugars,  and 
2.647  per  cent  of  sucrose  (estimating  the  amounts  in  the 
"sieve  tubes"  or  phloem  proper  these  would  be  1.019 
reducing  sugar,  and  4.992  sucrose).  The  concentrations 
in  the  boll  were  4.870  per  cent  reducing  sugar  and  0.626 
per  cent  sucrose.  It  is  obvious,  therefore,  that  the  con- 
centration gradient  for  sucrose  would  tend  to  cause  its 
diffusion  toward  the  boll.  That  for  hexoses,  however,  would 
tend  to  cause  them  to  be  carried  back  toward  the  leaf 
tissues  unless  one  postulates,  as  do  the  authors,  that  there 
is  the  equivalent  of  a  membrane  between  the  ''sieve  tube 
and  other  tissues  of  the  boll,  permeable  to  sucrose  but 
impermeable  to  reducing  sugars."  (See  Sec.  42  for  addi- 
tional data  on  gradients.)  If  the  sugars  pass  readily  from 
cell  to  cell  through  plasmodesma,  however,  unless  these 
have  also  the  properties  of  membrane  semipermeability,  it 
would  seem  that  the  hexoses  would  pass  back  into  the 
sieve  tubes,  and  be  rapidly  carried  back  to  the  supplying 
cells  by  the  same  protoplasmic  streaming  mechanism  that 
brought  sucrose  from  the  supplying  cells.  One  can  be 
certain,  however,  that  protoplasmic  streaming  is  rarely  if 
ever  a  simple  mass  stirring  of  cell  contents,  but  that  there 
is  considerable  structural  organization  (see  especially 
Scarth,  1927)  which  may  be  highly  effective  in  controlUng 
the  movement  of  special  constituents.  This  structural 
streaming  in  narrow  strands  can  be  readily  seen  in  many 
living  cells  and  especially  in  phloem  cells.  The  different 
solutes,  whether  merely  different  carbohydrates  or  different 
in  other  respects,  may  occupy  different  parts  of  the  living 
cell.  Thus  certain  solutes,  such  as  sucrose,  may  be  present 
in  the  moving  parts  while  others,  such  as  hexoses,  may  be 
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present  in  the  relatively  quiet  parts,  perhaps  in  the  vacuole 
where  they  may  be  present  as  temporary  storage  materials. 
Phillis  and  Mason  (1933)  have  presented  evidence  that 
is  of  considerable  importance  in  its  bearing  on  concen- 
tration gradients  and  transport.  They  analyzed  saps 
expressed  from  various  parts  of  cotton  leaves  which  were 
divided  into  lamina  (excluding  midribs),  veins,  and  petiole. 
The  petiole  was  also  further  subdivided  into  "outer  bark," 
"inner  bark"  (principally  phloem),  and  "wood."     In  their 
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Fig.  12. — Daily  variations  in  sugars  (grams  per  40  leaves)  of  lamina  and  petiole. 
(From  Phillis  and  Mason.) 

analyses  they  distinguished  between  sucrose,  glucose, 
fructose,  and  an  unidentified  polyglucoside.  As  shown  in 
Fig.  12,  they  found  marked  daily  fluctuations  in  sucrose 
and  but  shght  fluctuations  in  the  other  constituents.  They 
present  strong  evidence  that  sucrose  is  the  transport 
sugar,  and,  what  is  of  special  interest  to  the  present  sub- 
ject of  discussion,  they  found  what  seems  conclusive 
evidence  that  the  sucrose  concentration  of  the  veins  is 
much  higher  than  that  of  the  mesophyll  from  which  sugar 
is  received.     There  is  therefore  a  reverse  gradient,  and  it 
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seems  that  there  must  be  some  mechanism  by  which 
phloem  can  accumulate  sucrose  against  a  steep  reverse 
gradient.  They  suggest  that  the  companion  cells  and  the 
enlarged  companion-hke  cells  that  surround  the  sieve  tubes 
in  the  fine  veins  may  be  responsible  for  the  accumulation 
of  sucrose  in  the  sieve  tubes.  Schimper  (1885)  gives 
evidence  indicating  that  these  cells  are  capable  of  absorb- 
ing sugar  against  a  concentration  gradient.  After  entering 
the  phloem  it  seems  that  sucrose  moves  along  a  positive 
gradient.     This  is  shown  in  Table  22. 

Table  22. — Concentrations  in  Various  Parts  of  Leaf 
Grams  per  100  cc  sap 

(From  Phillis  and  Mason) 


Lamina 

Petiole 

Mesophyll 

Vein 

Bark 

Wood 

Sucrose 

Glucose     

0.61 
0.41 
0.23 
0.29 

1.04 
1.15 
0.20 
0.02 

1.06 
0.42 
0.09 
0.05 

1.13 
0.71 

Fructose 

0.29 

Polyglucoside 

0.01 

In  order  to  reverse  the  sugar  movement  they  darkened 
10  per  cent  of  the  leaves,  then  a  day  later  ringed  the  bases 
of  the  plants,  and  followed  by  taking,  for  a  period  of  4 
days,  daily  samples  of  those  leaves  that  were  darkened  and 
those  that  were  illuminated.  The  changes  in  composition 
over  the  4-day  period  are  shown  in  Table  23.  It  is  indi- 
cated by  these  data,  as  well  as  by  others  presented  in  the 
original,  that  sugar  has  moved  rather  freely  into  the 
petioles  and  veins  of  the  darkened  leaves  but  only  very 
sUghtly  into  the  mesophyll.  In  fact,  the  small  gains 
recorded  may  have  been  mostly  in  the  finer  veins.  This 
evidence  also  supports  the  suggestion  that  there  is  some 
mechanism  effective  in  moving  sugar  into  the  sieve  tubes 
against  a  concentration  gradient,  and  in  preventing  its 
movement  back  into  the  mesophyll. 

In  material  not  as  yet  published  Scofield  and  I  have 
obtained  considerable  evidence  that  growing  tissues  receiv- 
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Table  23. — Percentage  Increase  of  Final  Dry  Weight  of  Mesophyll 
AND  Vein  on  Initial  Dry  Weight 

(From  Phillis  and  Mason) 

Illuminated  mesophyll 47  .  15 

Illuminated  vein 30 .  89 

Darkened  mesophyll ■ 4 .  53 

Darkened  vein •  ■    10 .  44 

ing  sugar  from  storage  tissues  may  have  concentrations 
of  both  sucrose  and  reducing  sugars  distinctly  in  excess 
of  the  supplying  storage   tissues.     Whether  the   concen- 
tration in    these  tissues   is   higher  or  lower  than  in  the 
phloem  or  transporting  tissue  we  have  no  evidence.     It 
would  seem,  therefore,  that  meristematic  tissues,  whether 
they   are   elongating  shoots   or  roots  or  growing  storage 
tissues,  can  receive  sugars  from  supplying  storage  tissues 
when  the  latter  have  lower  concentrations.     This  ability 
seems  independent  of  whether  the  receiving  tissue  is  basal 
or  apical  to  the  storage  tissue  and  the  movement  therefore 
seems  fundamentally  distinct  from  the  polar  movement  of 
growth  substance.     If  direction  of  flow  is  determined  by 
abiUty  of  receiving  cells  to  concentrate  against  a  diffusion 
gradient — and  this  seems  to  be  indicated  by  the  available 
evidence — actual   concentration   gradients,   except   within 
the  sieve  tubes  themselves,  may  have  little  to  do  with 
direction  of  movement.     It  seems  probable  that  the  direc- 
tion of  movements  within  the  phloem  is  actually  deter- 
mined by  the  concentration  gradient  in  this  tissue,  as  has 
been  so  ably  demonstrated  by  Mason  and  Maskell.     On 
the  other  hand,  the  actual  concentration  within  receiving 
and  supplying  cells  outside  of  the  conducting  system  proper 
may  not  determine  the  direction  of  movement,  while  the 
ability  of  the  receiving  cells  to  accumulate  against  a  gra- 
dient or  to  prevent  loss  may  be  of  major  importance.     If 
living  cells  other  than  those  of  the  phloem  differ  in  their 
abilities  to  absorb  sugars  against  a  gradient,  it  is  con- 
ceivable  that  the  living  phloem  cells  themselves  might 
differ  also,  in  which  case  they  also  may  be  able  to  transport 
against   a   diffusion   gradient.     According   to   this   hne   of 


THE  METHOD  OF  MOVEMENT  199 

reasoning,  a  mechanism  of  transport  depending  on  stream- 
ing protoplasm  does  not  invariably  demand  transport 
along  a  diffusion  gradient. 

Although  Mason  and  Maskell's  studies  of  concentra- 
tion gradients  and  transport  of  sugars  are  rather  con- 
vincing, their  attempts  to  find  the  form  in  which  nitrogen 
is  transported  have  been  much  less  successful  (Maskell 
and  Mason,  1929a,  19296,  1930a,  19306,  1930c;  Mason  and 
Maskell,  1934;  and  Mason  and  Phillis,  1934).  Their 
difficulties  in  this  line  are  due  in  part,  as  they  suggest,  to 
the  fact  that  the  nitrogen  compounds  may  rapidly  change 
from  one  form  to  another  and  may  also  be  carried  in  more 
than  one  form.  There  is  also  the  complicating  factor  of 
static  gradients  of  storage  or  protoplasmic  nitrogen.  These 
same  difficulties  apply  to  determinations  of  gradients  of 
carbohydrate  but  are  greatly  minimized  in  the  latter 
because  there  are  fewer  forms,  only  sucrose  and  reducing 
sugars,  that  seem  to  be  concerned  in  carbohydrate  trans- 
port, whereas  for  nitrogen  there  are  many  forms  that  may 
be  concerned.  During  their  studies  they  have  determined 
total  nitrogen,  protein  nitrogen,  crystalloidal  nitrogen 
which  has  been  fractionated  to  determine  amino-acid 
nitrogen,  ammonia  nitrogen,  nitrate  nitrogen,  asparagine 
nitrogen,  and  residual  nitrogen.  Although  nitrogen  will 
not  disappear  en  route  while  carbohydrate  may  disappear 
through  respiration,  the  amounts  of  carbohydrate  moved 
are  greatly  in  excess  of  the  nitrogen,  so  gradients  may  be 
more  easily  determined. 

What  seems  to  me  a  major  difficulty  in  determining 
nitrogen  gradients  appears  to  have  been  completely  over- 
looked by  Maskell  and  Mason  and  this  oversight  seems 
greatly  to  weaken  their  interpretations  (see  also  Sec.  14, 
p.  81).  They  assumed  that  all  nitrogen  moves  through 
the  xylem  to  the  leaves  from  where  it  moves  through  the 
phloem  to  other  parts.  Thus  in  a  normal  stem  they  assume 
nitrogen  is  moving  only  downward  through  the  phloem. 
In  their  attempts  to  reverse  the  movement  of  nitrogen 
through  the  phloem  (1930a)  they  treat  shoots  in  a  fashion 
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much  like  that  shown  in  shoot  1  of  Fig.  1.  In  this  case, 
however,  a  second  ring  is  placed  at  R^.  In  one  set  they 
have  leaves  at  the  base  with  the  upper  part  defoliated  as 
here  indicated,  and  in  the  other  the  leaves  are  in  the  upper 
part  just  below  the  upper  ring  while  the  lower  part  is 
defoliated.  They  assume  that  all  nitrogen  moves  first 
to  the  leaves  and  then  moves  down  through  the  phloem 
when  the  leaves  are  above.  When  the  upper  part  is 
defoliated  and  the  leaves  are  below,  they  assume  they  have 
reversed  the  direction  of  flow  of  nitrogen  through  the 
phloem. 

When  the  leaves  are  above,  however,  and  the  defoliated 
region  below,  it  is  probable  that  some  of  the  nitrogen  as  it 
passes  the  ring  through  the  xylem  will  be  immediately 
absorbed  by  the  living  cells  of  the  rays  which  in  this  region 
would  be  gorged  with  carbohydrate.  From  here  it  may 
move  over  to  the  phloem  and  up  through  this  defoliated 
region  and  not  down.  Eckerson  (1924)  and  Thomas  (1927) 
have  rather  clearly  demonstrated  that  tissues  of  roots  and 
stems  may  convert  nitrate  to  organic  nitrogen.  Maskell 
and  Mason's  assumption  that  all  the  nitrogen  in  the  bark 
must  have  come  from  the  leaves  above  is  certainly  not 
well  established.  Their  "increased  negative  gradient" 
for  several  forms  of  nitrogen  in  this  region,  therefore,  may 
be  in  fact  an  increased  positive  gradient  of  nitrogen  moving 
to  the  leaves  or  to  the  growing  apex.  I  do  not  doubt 
that  in  ordinary  stems  some  nitrogen  moves  to  the  leaves 
through  the  xylem.  My  own  experiments  as  well  as 
those  of  Mason  and  Maskell  have  demonstrated  that 
conclusively.  There  are  indications  that,  when  nitrogen 
is  in  excess,  or  when  the  tissues  are  starved  for  carbo- 
hydrates, rather  large  amounts  may  move  through  the 
xylem.  But  it  is  far  from  established  that  all  the  upward 
moving  nitrogen  is  carried  exclusively  through  the  xylem, 
and,  unless  movement  through  the  phloem  is  strictly 
unidirectional,  it  would  seem  highly  probable  that  some 
of  the  nitrogen  after  it  passes  the  ring  will  be  absorbed 
by  the  phloem,  especially  when  it  is  gorged  with  carbo- 
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hydrate.  The  increase  with  time  in  "negative  gradient" 
(that  is,  higher  nitrogen  near  the  base  and  lower  above)  in 
both  bark  and  wood  of  nitrogen-starved  cotton  plants,  as 
reported  by  Mason  and  Phillis  (1934),  would  to  me  seem 
more  likely  to  he  due  to  a  retention  by  the  carbohydrate-filled 
tissues,  of  nitrogen  that  has  never  reached  the  leaves.  Actually 
Maskell,  Mason,  and  Phillis  have  no  conclusive  proof, 
except  perhaps  where  it  is  entering  bolls  or  an  isolated 
flap  or  defoliated  region  above  leaves,  as  to  the  direction 
of  movement  through  the  phloem,  so  it  is  not  surprising 
that  they  have  difficulty  in  determining  which  constituent 
or  constituents  are  directly  concerned  in  transport  through 
the  phloem.  They  give  data  (19296)  which  clearly  indi- 
cate that  the  conducting  phloem  is  especially  rich  in 
crystalloid  nitrogen,  particularly  amino-acid  nitrogen  and 
asparagine  (see  Table  21  and  Fig.  11),  and  if  one  is  not 
misled  by  their  assumption  of  a  transport  restricted  to 
downward  movement  through  the  phloem,  their  data 
clearly  point  to  these  as  the  translocation  forms  of  nitrogen. 
This  oversight  on  their  part,  it  seems  to  me,  is  a  serious 
weakness  attendant  upon  most  of  their  extensive  dis- 
cussions in  which  they  attempt  to  interpret  their  data  on 
concentration  gradients  for  nitrogen  as  well  as  for  potas- 
sium, phosphorus,  and  calcium.  Since  they  have  not 
established  beyond  a  doubt  the  direction  in  which  these 
materials  are  actually  moving  through  the  phloem,  the 
data  can  hardly  be  handled  with  confidence.  If  their 
assumption,  namely,  that  nitrogen  and  ash  constituents 
under  normal  conditions  all  move  directly  from  the  roots 
to  the  leaves  and  then  down  only  through  the  phloem,  is 
true,  their  data  could  be  interpreted  as  they  do.  If  the 
mechanism  of  movement  proposed  by  Miinch  is  correct, 
one  might  expect  upward  movement  of  salts  from  the  soil 
to  be  limited  to  the  xylem  and  the  downward  flow  would 
take  place  exclusively  by  way  of  the  phloem.  In  that 
case,  however,  concentration  gradients  of  individual  con- 
stituents would  be  meaningless  because  the  flow  would  be 
dependent  on  a  pressure  gradient  determined  by  osmotic 


202  TRANSLOCATION  IN  PLANTS 

concentration  and  not  by  individual  concentration  gra- 
dients. According  to  the  Munch  hypothesis  any  minerals 
that  might  diffuse  from  the  xylem  across  to  the  phloem 
would  be  carried  along  with  the  other  phloem  contents. 
Mason  and  Maskell,  however,  seem  to  assume  that  there 
is  no  such  absorption  from  the  xylem  by  the  phloem.  Any 
such  diffusion  across,  if  in  appreciable  amounts,  would 
seem  hopelessly  to  complicate  attempts  at  interpreting 
concentration  gradients  in  terms  of  transport. 

In  their  first  paper  on  nitrogen  transport  (1929a)  they 
find  that  flaps  of  bark  receive  nitrogen  from  above,  which 
is  clear  proof  that  the  nitrogen  has  moved  down  from  above. 
When  the  bark  is  connected  with  the  wood,  the  wood  con- 
tains more  nitrogen  than  when  the  bark  is  separated  from 
the  wood.  They  interpret  this  as  proving  that  the  nitrogen 
has  moved  from  the  bark  to  the  wood.  Such  an  interpre- 
tation is  not  unreasonable,  but  an  alternative  explanation 
is  just  as  reasonable,  that  is,  when  the  bark  is  raised  from 
the  wood,  the  wood  fails  to  receive  sugar;  therefore  it  is 
less  likely  to  absorb  nitrogen  from  the  transpiration  stream 
or  even  retain  that  which  it  had  originally.  The  fact  that 
the  separated  flap  does  not  contain  more  nitrogen  than  the 
normal  is  in  opposition  to  their  contention  that  less  has 
been  transported  to  the  wood,  though  of  course  this  point 
might  be  otherwise  explained  as  resulting  from  injury. 

36.  The  Surface  Tension  Hypothesis  of  Van  den  Honert. 
It  has  been  observed  that  a  substance  which  lowers  the 
interfacial  tension  between  two  immiscible  liquids  tends 
to  spread  rapidly  over  the  interface  between  them,  moving 
from  the  region  of  its  application,  where  the  surface  tension 
is  lowered,  toward  a  region  of  its  absence  where  the  surface 
tension  is  high.  Van  den  Honert  (1932)  describes  an 
apparatus  in  which  he  has  observed  the  rapid  spread  of 
potassium  oleate  over  the  interface  between  water  and 
ether.  The  rate  of  spread  was  such  as  to  give  a  movement 
approximately  68,000  times  that  calculated  for  diffusion. 
This  rate  is  of  the  same  order  of  magnitude  as  that  found 
by  Mason  and  Maskell  for  the  transport  of  carbohydrate. 
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Furthermore,  since  the  lowering  of  the  surface  tension  is 
dependent  on  the  concentration  of  the  interface-active 
substance,  the  rate  of  transport  is  a  function  of  concentra- 
tion gradient.  This  also  is  in  agreement  with  transloca- 
tion along  a  concentration  or  diffusion  gradient.  It  is 
tentatively  suggested  by  Van  den  Honert  that  the  interface 
boundary  between  protoplasm  of  the  sieve  tubes  and  the 
vacuole  might  serve  as  the  boundary  between  two  immis- 
cible liquid  phases,  where  any  substance  lowering  the 
interfacial  tension  would  tend  to  spread  along  this  interface 
until  concentration  differences  are  equalized.  He  says, 
"This  should  of  course  be  accompanied  by  protoplasmic 
streaming  which  could,  however,  be  the  consequence 
instead  of  the  agent  of  the  transport.  The  primary  cause 
of  the  transport  would  be  only  the  concentration-difference 
of  the  substance  to  be  transported." 

It  has  long  been  recognized  that  surface  tension  phe- 
nomena might  account  for  the  observed  streaming  of 
protoplasm  (see  especially  Ewart,  1903;  Tiegs,  1928)  and 
that  the  streaming  may  account  for  the  transport  of 
materials.  It  is  therefore  highly  interesting  that  Van  den 
Honert  suggests  that  protoplasmic  streaming  is  the  result 
of  transport  and  not  the  vehicle  itself.  If  transport  is 
brought  about  by  spread  in  an  interfacial  film,  it  is  not 
clear  why  this  moving  film  should  result  in  a  streaming  of 
the  more  viscous  protoplasm  without  causing  an  even 
greater  flow  of  the  more  liquid  watery  phase.  The  latter, 
however,  appears  stationary  (Ewart,  1903;  Scarth,  1927). 
It  is  conceivable  that  the  surface  film  of  protoplasm  itself 
may  move  faster  than  other  layers  (see  Sec.  34a)  and  may 
then  be  the  vehicle  of  transport.  In  such  an  event  there 
is  no  real  difference  between  the  mechanism  proposed 
by  Van  den  Honert  and  the  protoplasmic  streaming 
hypothesis. 

Even  accepting  his  suggestion  that  the  more  rapid  inter- 
facial movement  carries  surface-active  materials,  it  is  at 
the  same  time  conceivable  that  the  visibly  moving  proto- 
plasm itself  also  carries  some  of  the  transported  substances. 
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The  evidence,  however,  is  as  yet  inadequate  to  prove  in 
which  region  the  major  transport  of  sugar  or  other  materials 
takes  place.  The  observations  of  Schumacher  (1933)  on 
the  transport  of  fluorescein  and  those  of  Van  der  Wey 
(1932)  on  the  transport  of  growth  substance  are  of  great 
interest,  both  for  the  data  given  and  for  the  bearing  of 
these  on  the  problem  of  the  mechanism  of  transport.  Their 
findings  might  be  interpreted  to  support  this  hypothesis. 

37.  Schumacher's  Observations  on  the  Transport  of  Flu- 
orescein.— Schumacher  (1933)  has  reported  some  extremely 
interesting  experiments  on  translocation  in  which  he  used 
the  vital  stain,  fluorescein.  Most  of  the  experiments  were 
carried  out  with  specimens  of  Pelargonium  which  had  been 
forced  into  vigorous  growth  by  growing  them  in  partial 
shade  at  high  humidity,  and  by  removal  of  all  flower  buds. 
The  fluorescein  was  introduced  by  placing  on  the  scraped 
surface  of  a  leaf  vein  or  stem  a  drop  of  5  per  cent  gelatin 
containing  a  0.1  per  cent  solution  of  the  potassium  salt. 
The  presence  of  the  dye  was  detected  by  fluorescence  when 
longitudinal  sections  were  mounted  in  paraffin  oil  and 
examined  in  a  dark  room  using  light  of  short  wave  lengths. 
He  found  that  fluorescein  is  strongly  absorbed  by  the 
protoplasm  of  sieve  tubes  as  well  as  that  of  parenchyma 
cells.  The  green  fluorescence  is  observable  in  the  nucleus, 
protoplasmic  threads,  outer  protoplasm,  and  starch  grains 
of  both  leucoplasts  and  chloroplasts.  The  walls  and 
vacuoles  appeared  totally  dark  and  devoid  of  fluorescein. 
The  protoplasm  of  dead  or  injured  cells  does  not  stain,  and 
the  stain  is  lost  from  the  cells  as  they  approach  death.  It 
spreads  with  great  rapidity  through  the  cytoplasm  of  sieve 
tubes  and  much  more  slowly  in  that  of  parenchyma  cells. 
He  made  the  interesting  observation  that,  as  the  fluorescein 
was  entering  the  sieve  tubes  from  the  gelatin,  the  com- 
panion cells  were  commonly  more  intensely  fluorescent 
than  other  cells.  This  supports  the  suggestion  of  Czapek 
(1897)  that  these  cells  are  especially  concerned  in  carrying 
substances  to  and  from  the  sieve  tubes.  After  entering 
the  sieve  tubes,  rapid  spread  is  almost  exclusively  through 
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the  sieve-tube  system.  The  companion  cells,  however, 
practically  always  fluoresce  also.  Shortly  after  appUca- 
tion  of  the  dye,  he  observed  a  marked  concentration 
gradient  in  the  sieve-tube  system,  grading  from  strong 
to  faint  fluorescence  within  a  few  centimeters.  He  also 
noted  with  surprise  that  the  cambiform  cells  directly 
adjacent  to  the  sieve  tubes  were  totally  dark  and  remarked 
on  the  possibiUty  of  pecuUar  permeability  of  the  sieve-tube 
walls  on  these  faces.  It  is  interesting  to  note  in  this 
connection  that  Kienitz-Gerloff  (1891)  and  Fischer  (1886) 
both  failed  to  find  plasmodesma  connecting  cambiform 
cells  with  sieve  tubes,  though  between  cambiform  cells 
and  ordinary  parenchyma  there  are  abundant  plasmo- 
desma. Later  Kienitz-Gerloff  (1902)  reports  his  own 
observations  agreeing  with  those  of  Kohl,  of  Kuhla,  and  of 
Strasburger  to  the  effect  that  in  some  plants  plasmodesma, 
usually  restricted  to  pits,  are  observable  in  the  walls 
between  sieve  tubes  and  cambiform  and  companion  cells. 
It  is  highly  interesting  and  possibly  of  considerable  sig- 
nificance that  plasmodesma  connecting  sieve  tubes  as  well 
as  guard  cells  with  their  adjacent  cells  are  rare  or  restricted 
to  small  groups  in  pits.  Both  in  guard  cells  and  in  sieve 
tubes  the  cells  are  able  to  concentrate  sugars  at  concen- 
trations much  in  excess  of  those  found  in  the  adjacent 
cells.  Unrestricted  and  unspecialized  protoplasmic  con- 
nections, if  highly  permeable  to  sugars,  would  seem  to 
mitigate  against  accumulation  of  sugar  or  other  solutes  in 
one  cell  over  that  in  adjacent  cells.  In  fact,  this  very 
difficulty  led  me  to  the  finding  of  the  reports  of  Kienitz- 
Gerloff  on  plasmodesma  of  these  specialized  cells.  Schu- 
macher attempted  to  determine  whether  transfer  from  cell 
to  cell  takes  place  through  plasmodesma.  Although  in 
epidermal  cells  and  in  sieve  plates  of  Pelargonium  he  could 
occasionally  see  what  appeared  to  be  connecting  fluorescent 
strands  he  could  not  be  certain  of  it.  The  strands  through 
sieve  plates  of  Curcurbita,  however,  were  clearly  fluorescent 
and  here  the  strands  were  obviously  the  path  of  movement. 
When  introduced  through  leaves,  with  but  rare  excep- 
tions even  in  half-grown  leaves,  fluorescein  moved  down- 
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ward  only  through  the  petiole  to  the  stem  from  where  it 
moved  upward  only,  downward  only,  or  in  both  directions. 
For  the  most  part  the  movement  was  chiefly  toward  the 
growing  point,  and  during  June  and  July  it  was  exclusively 
in  that  direction,  but  the  dye  never  entered  even  the 
youngest  leaves.  In  some  of  the  other  species  of  plants 
tested  this  polar  movement  was  not  so  marked. 

The  rate  of  movement  was  markedly  influenced  by 
temperature.  In  a  warm  room  at  30°C.  the  fluorescein 
had  passed  through  an  entire  petiole  in  one  hour.  Several 
measurements  indicated  rates  of  from  30  to  35  cm.  an 
hour.  In  a  cool  room  at  11  to  12°C.  it  required  3  to  4 
hr.  for  detectable  amounts  to  pass  into  the  veins,  while  at 
1  to  4°C.  it  took  up  to  10  hr.  before  movement  into  veins 
could  be  detected.  After  this  long  period  movement  sud- 
denly commenced  and  the  dye  was  carried  throughout  the 
plant  but  at  a  slow  rate,  only  1  to  3  cm.  an  hour.  If  first 
placed  in  a  warm  room,  the  dye  was  quickly  absorbed  and 
carried  into  the  petiole,  but  if  the  plant  was  then  placed 
in  a  cold  room,  movement  stopped.  Therefore  the  delay 
in  movement  in  a  cold  room  is  not  due  to  a  failure  to 
enter  the  sieve  tubes. 

The  rate  of  movement  of  fluorescein  seemed  almost 
completely  uninfluenced  by  the  narcotics,  chloroform, 
ether,  phenylurethane,  and  ethylurethane,  unless  they 
were  at  concentrations  sufficiently  high  to  cause  death. 
Furthermore,  the  movement  appeared  to  be  uninfluenced 
by  wilting,  was  insensitive  to  light,  and  seemed  in  no  way 
dependent  upon  the  movement  of  carbohydrates  or  nitro- 
gen compounds.  In  his  earlier  paper  (1930)  Schumacher 
found  that  carbohydrate  transport  from  the  leaf  became 
clearly  apparent  after  2  to  3  hours  in  darkness.  After 
24  hr.  in  darkness  both  carbohydrate  and  nitrogen  trans- 
port from  leaves  were  active,  but  after  3  days  nitrogen 
removal  was  complete.  With  fluorescein  he  found  no 
difference  in  rate  of  transport  from  leaves  in  light  as 
compared  with  that  from  leaves  which  had  been  in  dark- 
ness for  from  a  few  hours  up  to  7  days. 
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Schumacher  suggests  that  movement  through  sieve 
tubes  takes  place  in  the  protoplasm  and  not  in  the  vacuole 
or  the  walls,  but  that  it  is  not  carried  by  moving  proto- 
plasm. His  chief  reasons  for  thinking  that  moving  proto- 
plasm is  not  concerned  are  that  the  rate  of  movement  is 
much  faster  than  that  observed  in  ordinary  parenchyma 
cells  and  that  the  sieve  tubes  did  not  show  one-sided 
staining,  which  would  point  to  a  returning,  unstained 
stream  of  protoplasm.  The  first  objection  is  not  neces- 
sarily very  serious.  His  data  indicate  that,  under  optimum 
conditions,  the  dye  moved  through  the  sieve  tubes  at 
rates  running  up  to  5  or  6  mm.  a  minute.  It  is  true  that 
streaming  in  ordinary  parenchyma  cells  and  hair  cells  is 
nearer  one-tenth  of  this  rate,  but  as  is  pointed  out  in 
paragraph  a  of  Sec.  34,  streaming  rates  of  5  to  6  mm.  a 
minute  have  been  observed  in  certain  much  elongated 
cells,  and  it  is  conceivable  that  the  specialized  sieve  tube 
may  have  equal  or  even  greater  rates  of  movement. 

The  second  objection  also  is  not  very  serious,  for,  even 
in  glandular  cells  where  moving  strands  of  fluorescent 
protoplasm  were  observed,  he  found  no  indication  that 
advancing  strands  were  more  deeply  stained  than  others. 
He  found  that  each  cell,  as  the  staining  progressed,  showed 
first  a  fluorescence  in  the  nucleus,  and  then  the  protoplasm 
along  the  walls  showed  a  gradually  increasing  light.  Even 
in  long  cells  there  was  no  visible  difference  between  the 
intensity  at  the  two  ends,  which  he  suggests  is  due  to  a  very 
rapid  spreading  of  the  dye  after  entrance.  Of  course,  this 
gradual  increase  in  intensity  may  have  been  due  to  a 
rapid  spread  of  slowly  entering  dye  along  the  protoplasm 
independently  of  the  movement  of  the  latter,  or  it  may 
have  been  due  to  a  rapid  lateral  redistribution  from  one 
strand  to  another  by  diffusion.  Over  such  short  distances 
diffusion  across  from  one  strand  to  another  might  be 
faster  than  movement  of  a  part  of  the  strand  itself  from 
one  end  of  the  cell  to  another.  The  entrance  of  the  dye 
may  have  been  so  slow  that  the  protoplasm  could  make  a 
complete  circuit  before  enough  entered  to  develop  distinct 
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fluorescence.  The  fact  that  the  nucleus  shows  lighting 
before  the  cytoplasm,  points  to  a  gradual  accumulation 
which  can  be  as  easily  explained  on  a  basis  of  streaming  as 
by  a  rapid  and  almost  instantaneous  spread  through  the 
cell.  The  fact  that  the  rate  of  movement  of  the  fluorescein 
through  parenchyma  cells  was  immensely  slower  than 
through  sieve  tubes  and  is  more  nearly  of  the  order  of 
observed  protoplasmic  streaming  in  these  cells,  lends 
weight  to  this  interpretation.  Schumacher  suggests  that 
mere  penetration  into  the  protoplasm  does  not  determine 
movement  but  that  some  secondary,  unknown  factor, 
Derhaps  one  concerned  with  polarity  phenomena,  deter- 
mines movement. 

Schumacher  is  strongly  opposed  to  the  Miinch  hypothesis 
as  to  the  mechanism  of  movement.  He  concludes  that 
protoplasm  is  the  path  of  movement,  but  that  the  stream- 
ing protoplasm  is  not  concerned  in  the  movement.  As 
has  just  been  pointed  out,  however,  it  seems  that  the 
motion  of  the  protoplasm  may  be  responsible  or  that 
movement  may  take  place  by  a  mechanism  like  that 
proposed  by  Van  den  Honert,  which  may  be  considered 
as  a  special  case  of  protoplasmic  streaming. 

Although  I  am  thoroughly  convinced  that  Schumacher's 
experiments  and  observations  demonstrate  the  effective- 
ness of  the  sieve  tubes  as  transporting  cells  and  that 
materials  may  be  carried  by  the  same  mechanism  by  which 
the  dye  is  carried,  I  hesitate  to  conclude  without  more 
extensive  evidence  that  the  rate,  direction,  and  mechanism 
of  movement  through  the  sieve  tubes  of  carbohydrates, 
nitrogen  compounds,  and  such  solutes  will  be  strictly 
comparable  to  those  of  fluorescein.  As  is  made  clear  in 
Chaps.  IV  and  V,  the  movement  of  solutes  such  as  dyes 
that  have  been  introduced  into  xylem  tissues  has  led  to 
false  conclusions  relative  to  the  normal  tissues  concerned 
in  movement  as  well  as  to  rates  and  direction  of  movement. 
It  is  perhaps  equally  possible  that  fluorescein  movement 
through  sieve  tubes  is  also  misleading.  It  is  true  the 
movement  of  fluorescein  through  sieve  tubes  seems  much 
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more  normal  than,  for  example,  backward  flow  of  dyes 
through  the  xylem,  but  at  one  time  the  latter  seemed 
normal  to  many  botanists.  Introducing  a  dye  into  cut 
xylem  is  abnormal  in  that  a  foreign  substance  is  intro- 
duced under  conditions  that  alter  or  even  reverse  natural 
pressure  or  tension  gradients.  The  introduction  of  a  dye 
that  is  taken  up  by  protoplasm  may  disturb  in  a  comparable 
manner  the  normal  interfacial  relations  within  the  sieve- 
tube  contents. 

The  spread  of  fluorescein  through  protoplasm,  even  if  it 
were  clearly  demonstrated  to  take  place  by  the  mechanism 
proposed  by  Van  den  Honert,  does  not  necessarily  signify 
that  sugar  and  such  solutes  are  carried  by  the  same  mech- 
anism. It  is  conceivable  that  cells  produce  a  substance 
that  is  active  at  protoplasmic  interfaces  and  thus  causes 
protoplasmic  streaming.  This  streaming  protoplasm  may 
in  turn  be  the  vehicle  for  carrying  other  solutes,  perhaps 
sugar.  The  alternative,  suggested  by  Van  den  Honert,  is 
also  possible,  that  is,  that  the  sugar  itself,  or  some  substance 
into  which  it  is  transformed,  may  be  the  surface-active 
material  which  causes  the  streaming,  and  the  streaming 
is  then  the  result  of  sugar  transport  and  is  not  the  vehicle. 
A  foreign  substance  like  fluorescein,  therefore,  may  be 
transported  because  of  its  activity  at  the  interfaces,  or  it 
may  be  carried  in  a  moving  stream  of  protoplasm  activated 
by  some  other  agent.  In  a  similar  way  sugar  may  be  active 
at  an  interface  causing  transport,  or  it  may  be  carried  in  a 
stream  activated  by  some  other  agent.  Another  alterna- 
tive may  be  that  fluorescein  and  certain  substances  are 
carried  by  one  of  the  methods,  either  active  or  passive,  and 
sugars  and  certain  other  substances  by  the  other  method. 
It  is  also  conceivable  that  there  is  a  rapid  interfacial  spread 
of  a  substance  like  fluorescein  that  is  not  accompanied  by 
protoplasmic  movement. 

The  very  fact  that  Schumacher  found  fluorescein  to 
move  out  and  not  into  young  developing  leaves  when 
sugars  and  other  materials  were  almost  certainly  moving 
into  them  would  indicate  that  sugars  are  carried  by  a 
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different  mechanism  or  that  there  is  a  simultaneous  flow  in 
both  directions.  In  the  latter  case  it  would  seem  that  the 
surface-active  substance  causing  the  flow  would  move  in 
one  direction  and  other  substances  would  be  passively 
carried  in  the  opposite  direction,  perhaps  in  the  resulting 
stream  of  moving  protoplasm.  Possibly  the  electrical 
charge  or  the  molecular  configuration  or  solubility  of 
different  substances  will  determine  which  of  the  moving 
streams  they  will  enter  and  thus  determine  the  direction 
of  their  movement. 

38.  Relations  between  the  Transport  of  Viruses  and 
Hormones  and  That  of  Foods. — Studies  on  the  transport  of 
viruses  may  be  of  considerable  assistance  in  solving  normal 
translocation  problems;  for  with  but  few  possible  excep- 
tions (Grainger,  1933)  it  has  been  rather  clearly  established 
that  natural  transport  of  viruses  is  restricted  to  living 
tissues  and  rapid  movement  takes  place  in  the  phloem. 
Bennett  (1927)  describes  experiments  which  clearly  indicate 
that  transport  of  the  leaf  curl  virus  of  raspberries  takes 
place  through  the  phloem,  and  that  the  movement  is 
unidirectional  and  in  the  direction  of  the  major  transport 
of  food.  That  is,  in  plants  with  well-formed  leaves,  the 
transport  is  downward  only,  while  in  new  shoots,  drawing 
their  food  supply  from  diseased  roots  or  the  older  diseased 
canes,  the  transport  is  upward.  Growing  shoots  that  had 
appeared  above  the  surface  of  the  soil  and  were  probably 
sending  foods  back  to  the  roots  failed  to  become  infected 
from  the  roots,  even  though  the  shoots  continued  growth 
and  were  susceptible  to  direct  inoculation. 

On  the  other  hand  Caldwell  (1931)  working  with  the 
virus  producing  yellow  mosaic  of  tomato  demonstrated 
simultaneous  movement  in  both  directions  and  at  approxi- 
mately equal  rates.  Later  (1934)  using  Johnson's  No.  1 
mosaic  of  tobacco  and  the  aucuba  or  yellow  mosaic  of 
tomato,  he  found  movement  throughout  both  tobacco  and 
tomato  plants  to  be  independent  of  the  position  of  inocula- 
tion and  independent  of  the  direction  of  major  transport 
of   foods.     The   virus   spread   throughout   the   plants   at 
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approximately  the  same  rate  whether  it  was  introduced 
into  older  basal  leaves  or  young  apical  leaves  or  into  young 
axillary  shoots.  To  vary  the  probable  direction  of  food 
movement  he  placed  entire  plants  in  darkness  for  48  hr., 
inoculated  an  older  leaf,  and  then  placed  the  plant  in  the 
light  keeping  the  inoculated  leaf  in  darkness.  The  virus 
spread  as  rapidly  and  as  completely  from  this  darkened 
and  starved  leaf  as  from  a  similar  mature  leaf  exposed  to 
Ught  or  from  a  very  young  leaf  near  the  apex.  As  he  says, 
this  movement  of  virus  from  a  darkened  leaf,  that  is  prob- 
ably receiving  sugars  from  the  tissues  to  which  the  virus 
is  moving,  rather  clearly  indicates  a  movement  of  virus 
independent  of  the  movement  of  carbohydrate.  It  is 
possible,  however,  that  even  this  starved  and  darkened 
leaf  was  losing  its  contents  to  other  parts  of  the  plant  and 
was  receiving  nothing,  for  leaves  that  are  about  to  die  or 
abscise  still  lose  their  stored  foods  to  other  tissues  (see 
Par.  3,  Sec.  30),  and  Schumacher  (1931)  has  demonstrated 
the  removal  of  nitrogen  from  such  darkened  leaves.  The 
spread  from  a  darkened  axillary  shoot  of  tomato,  however, 
would  seem  to  demonstrate  a  movement  of  virus  out  of  a 
tissue  that  was  almost  certainly  receiving  foods  unless  in 
inoculating  the  axillary  shoots  Caldwell  inoculated  leaves 
that  perhaps  receive  no  food  when  darkened.  His  descrip- 
tion of  these  experiments  is  not  sufficiently  detailed  to 
make  this  point  clear. 

Holmes  (1932)  reports  experiments  on  the  movements  of 
the  tobacco  virus  in  Nicotiana  tabacum  which  rather  clearly 
demonstrate  that  the  virus  follows  the  same  path  as  that 
taken  by  carbohydrates.  The  virus  leaves  a  leaf,  however, 
at  about  the  same  rate  whether  the  leaf  is  supplying 
carbohydrates  to  other  parts  of  the  plants  or  has  been 
darkened  during  the  experiment.  This  is  comparable  to 
the  observation  of  Schumacher  (1933)  that  transport  of 
fluorescein  from  a  leaf  is  independent  of  carbohydrate  or 
nitrogen  transport.  If  all  other  leaves  were  removed  and 
the  inoculated  leaf  was  exposed  to  light,  however,  Holmes 
found  a  somewhat  earlier  appearance  of  virus  symptoms 
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in  the  apical  growing  parts  but  this  was  not  clearly  proved 
to  be  due  to  more  rapid  transport.  There  seemed  to  be  an 
approximate  relation  between  the  completeness  of  spread 
of  the  virus  and  the  relative  amount  of  food  supplied  by 
the  inoculated  leaf  to  the  rest  of  the  plant.  That  is,  if  the 
inoculated  leaf  was  shaded  and  other  leaves  not  shaded, 
the  subsequent  distribution  of  virus  throughout  the  plant 
was  markedly  unsymmetrical,  perhaps  indicating  a  small 
amount  of  inoculum,  whereas  if  the  inoculated  leaf  was 
not  shaded  the  unsymmetrical  distribution  was  greatly 
reduced,  and  when  two  other  leaves  were  shaded  so  that 
the  inoculated  leaf  was  supplying  a  large  part  of  the 
carbohydrate  for  the  plant,  the  unsymmetrical  distribution 
was  completely  lacking.  In  these  experiments  of  Holmes 
there  was  no  way  of  determining  the  actual  velocity  of 
movement  for  the  time  necessary  for  incubation  and 
entrance  of  the  virus  into  the  phloem  was  included  in  the 
total  time  necessary  for  movement. 

Samuel  (1934),  working  on  the  movement  of  tobacco 
mosaic  in  tomato  plants,  found  the  virus  to  move  from  the 
point  of  inoculation  on  a  leaflet  near  the  middle  of  a  plant 
to  the  root  at  a  distance  of  about  60  cm.  within  12  hr. 
after  the  entrance  into  the  phloem.  But,  contrary  to  the 
type  of  behavior  observed  by  Bennett,  the  virus  during 
the  next  12  hr.  or  less  moved  rapidly  from  the  roots  to  the 
younger  tissues  at  the  top  of  the  plant,  a  distance  of 
approximately  90  cm.  This  would  indicate  a  movement 
between  1  and  2  mm.  per  minute.  This  movement  from 
the  root  would  seem  to  be  in  the  reverse  direction  of  that 
of  the  major  movement  of  food.  The  direction  of  move- 
ment seemed  to  bear  no  relation  to  the  time  of  day  and 
would  seem  for  this  reason  also  to  be  unrelated  to  food 
movement.  Movement  during  the  first  12  hours  seemed 
to  be  in  the  direction  of  food  movement,  for  the  virus 
usually  moved  into  developing  fruits  independently  of 
whether  they  were  below  the  point  of  inoculation  or  one 
or  two  internodes  above. 

The  fact  that  viruses  seem  to  move  out  of  older  leaves 
even  when  they  have  been  darkened  and  are  exporting 
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little  or  no  carbohydrate,  and  move  into  them  only  slowly 
or  not  at  all  even  though  they  may  be  receiving  carbo- 
hydrate, and  that  they  move  rapidly  to  growing  tissues 
independently  of  the  position  of  the  growing  tissue,  might 
be  interpreted   as  indicating  that   the   growth   condition 
of   the   tissue   is   more   important   than   the   direction   of 
movement   of   carbohydrate.     Schumacher    (1933)    found 
that  outward  transport  of  fluorescein  was  in  like  manner 
unrelated  to  carbohydrate  transport.     The  fact  that  viruses 
are  negatively  charged  may  be  a  factor  in  determining  their 
distribution.     It  is  possible  that  the  direction  of  movement 
of  both  virus  and  certain  solutes  is  determined  by  the 
movement  of  protoplasm  of  a  certain  type,  whereas  other 
material,  perhaps  bearing  a  different  electrical  charge  or 
held  in  different  layers  of  protoplasm,  may  be  moving  in 
the    opposite    direction.     Although    movement    may    be 
partly  determined  by  electrical  charge,  the  effect  may  be 
different  from  that  on  growth  substance  for  the  movement 
of  the  latter  seems  to  be  strictly  polar.     Smith   (1931) 
reports  the  interesting  fact  that  in  experiments  on  the 
behavior  of  a  mixed  virus  in  tobacco,  although  the  x  strain 
develops  more  rapidly  at  the  point  of  inoculation,  the  y  strain 
seems    to    travel    to    distant    parts    much    more    rapidly. 
Bennett   (1932)   reports  a  comparable  case  in  which,   of 
two  types  of  raspberry  mosaic  both  of  which  are  probably 
transported  through  the  phloem,  one  moves  much  faster 
than  the  other.     Whether  these  observations  mean  that 
the   different  strains  of  virus  move  in  different  cells,   in 
different  parts  of  the  same  cell  (perhaps  in  different  layers 
of  mo\dng  protoplasm),  or  one  is  delayed  more  at  obstruc- 
tions of  course  is  not  known,  but  they  seem  to  oppose 
the  concept  of  a  unidirectional  mass  flow  of  all  phloem 
contents. 

The  various  transportation  studies  with  viruses  may 
prove  to  be  of  great  value  in  helping  to  solve  general 
translocation  problems.  But  until  they  are  supported  by 
other  evidence  I  rather  hesitate  at  present  to  accept  them 
as  indicating  normal  movements,  for  some  of  them  bring 
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about  phloem  necrosis  and  other  abnormahties  and  it 
may  be  their  movement  is  unrelated  to  normal  solute 
movement.  Furthermore  the  amounts  transported  are 
probably  minute  in  comparison  with  the  transport  of 
carbohydrates,  nitrogen  compounds  and  mineral  nutrients. 

Among  the  many  investigations  on  special  hormone-hke 
substances  there  has  accumulated  a  fair  amount  of  litera- 
ture deaUng  with  their  transport.  It  is  not  within  the 
scope  of  this  work  to  discuss  these  interesting  contributions 
further  than  to  touch  very  lightly  on  a  few  of  the  more 
recent  papers  in  so  far  as  they  deal  chiefly  with  transport 
through  living  tissues.  Went  (1932)  seems  to  accept  the 
Miinch  hypothesis  as  satisfactory  for  explaining  the  trans- 
port of  sugars  through  the  sieve  tubes.  The  direction  of 
this  transport,  he  agrees  with  Munch,  is  determined  by  the 
pressure  gradient  which,  in  turn,  is  controlled  by  ability 
to  supply  or  remove  osmotically  active  material.  He 
emphasized,  on  the  other  hand,  that  the  transport  of 
various  growth  substances  is  more  strictly  polar.  These, 
he  suggests,  are  electrically  charged  and  are  carried  cata- 
phoretically  under  the  influence  of  an  electrical  potential 
whose  direction  remains  constant.  Negatively  charged 
substances,  like  the  growth  substance  of  Avena  coleoptiles, 
move  basally  only,  while  positively  charged  substances 
move  apically  only.  He  suggests  that  these  substances 
are  probably  carried  in  companion  cells  of  the  phloem  and 
not  in  the  sieve  tubes.  The  evidence  offered^  however,  is 
very  weak.  Since  their  movement  is  polar,  while  sugar 
movement  seems  not  to  be,  and  since  their  rate  of  move- 
ment seems  much  slower  than  that  of  sugar,  he  concluded 
these  special  substances  are  carried  in  other  cells  than  the 
sieve  tubes,  and  since  other  functions  of  companion  cells 
are  not  definitely  known  they  seem  to  him  very  likely  to  be 
the  path  for  this  special  transport. 

Van  der  Wey  (1932)  has  reported  some  interesting  experi- 
ments deaUng  with  the  transport  of  the  growth  substance 
of  Avena  coleoptiles.  He  summarizes  his  findings  very 
much  as  follows:  (1)  Both  the  velocity  (the  distance  of 
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movement  in  unit  time)  and  the  intensity  (the  amount  of 
substance  in  unit  time)  are  independent  of  the  length  of 
the  coleoptile  cyhnder  used.  If  diffusion  accounted  for 
movement,  the  intensity  should  be  inversely  proportional 
to  the  length  of  the  cylinder.  This  was  actually  demon- 
strated to  be  the  case  when  agar  cylinders  and  not  coleoptile 
cylinders  were  used.  (2)  The  movement  of  the  growth 
substance  through  the  coleoptile  is  strictly  polar,  that  is,  it 
is  carried  only  in  a  basal  direction.  It  follows  from  this 
that,  in  equal  times  and  with  equal  initial  concentration 
in  the  agar  plates,  equal  amounts  will  be  transported 
through  coleoptile  cylinders  to  agar  plates  at  the  base 
independently  of  whether,  at  the  start,  the  basal  plate 
'had  no  growth  substance  or  a  concentration  of  growth 
substance  many  times  that  in  the  upper  plate  from  which 
it  is  moving.  (3)  With  increasing  initial  concentration  of 
growth  substance  the  absolute  transport  intensity  increases 
while  the  relative  intensity  decreases  (according  to  dif- 
fusion the  absolute  transport  intensity  should  be  pro- 
portional to  the  concentration).  The  velocity  of  transport 
is  independent  of  the  initial  concentration.  (4)  The 
velocity  of  transport  in  the  coleoptile  seems  almost  com- 
pletely independent  of  the  temperature.  Below  40  to 
45°C.  the  influence  of  the  temperature  on  transport 
intensity  displays  an  optimum  curve  comparable  to  that 
of  a  hfe  process.  (5)  While  (2)  and  (3)  apply  for  coleoptile 
cylinders  at  0°C.  as  well  as  at  higher  temperatures  the 
transport  in  cylinders  of  various  lengths  at  0°C.  behaves 
more  according  to  a  diffusion  scheme,  but  the  movement 
is  still  polar  at  0°C.  and  in  this  respect  is  unlike  diffusion. 
Van  der  Wey  states  that  it  is  not  possible  from  his  inves- 
tigations to  form  a  definite  idea  as  to  the  method  of  trans- 
port. He  says,  however,  that  the  evidence  is  clear  that 
normal  transport  is  a  vital  process,  that  movement  is 
strictly  polar,  and  that  it  is  totally  independent  of  pro- 
toplasmic streaming.  The  strongest  evidence  for  its 
independence  of  protoplasmic  streaming  is  that,  if  this 
accounted    for    transport,    both    velocity    and    intensity 


216  TRANSLOCATION  IN  PLANTS 

should  be  markedly  influenced  by  temperature  because 
the  rate  of  protoplasmic  streaming  is  greatly  influenced 
by  temperature,  whereas  actually  the  velocity  seems 
entirely  uninfluenced  by  temperature,  while  intensity  is 
greatly  influenced.  He  points  out  that  the  growth  sub- 
stance seems  to  be  transported  by  a  mechanism  analogous 
to  a  carrier  belt  which  moves  at  constant  speed,  the 
carrying  capacity  of  which,  however,  is  greatly  influenced 
by  temperature.  He  suggests  that  capillary  electrical 
forces  somehow  account  for  transport.  Points  favoring 
this  are  that  the  growth  substance  is  known  to  be  a  weak 
acid,  bearing  an  electrical  charge,  and  therefore  will  be 
moved  by  electrical  forces ;  evidence  presented  by  a  number 
of  investigators  indicates  that  living  plant  cells  maintain 
an  electrical  polarity,  and  Kogl  (1933)  has  found  that 
externally  applied  potentials  alter  the  speed  of  the  hormone 
movement.  Transport  of  growth  substance  under  such 
conditions  may  be  a  type  of  electro-endosmose  or  cata- 
phoresis.  With  such  an  assumption,  it  is  understandable 
why  velocity  is  almost  independent  of  temperature,  while 
intensity  is  so  strongly  influenced,  because  the  electrical 
charge  would  be  independent  of  temperature  while  the 
effective  path  may  be  strongly  influenced  by  temperature. 
The  path  of  transport  he  suggests  to  be  the  plasma  that 
permeates  the  walls  of  the  parenchyma  cells  as  well  as  the 
nonmoving  protoplasm  which  lies  at  the  surface  of  the 
wall.  This  cell-wall  plasma,  according  to  his  opinion,  is 
continuous  from  cell  to  cell  through  young  walls  and  the 
connection  is  not  restricted  to  the  plasmodesma.  He 
considers  that  the  movement  is  not  a  mass  flow  of  the  sort 
proposed  by  Crafts  but  one  dependent  on  electrical  charge 
and  potential. 

If  the  findings  and  suggestions  of  Van  der  Wey  for  the 
transport  of  this  growth  substance  are  confirmed,  it  would 
seem  that  living  cells  may  transport  different  substances 
along  different  paths  and  perhaps  by  different  mechanisms. 
For  example,  Schumacher  (1933)  gives  strong  evidence 
that   the   velocity   of   transport   of   fluorescein   is   greatly 
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influenced  by  temperature  and  that  transport  is  very  slow 
at  temperatures  approacliing  0°C.  Van  der  Wey,  on  the 
other  hand,  finds  the  velocity  of  transport  of  the  growth 
substance  to  be  independent  of  temperature,  although  the 
amount  transported  in  unit  time  is  influenced.  These 
differences  may  be  related  to  the  fact  that  one  was  moving 
through  sieve  tubes  and  the  other  through  parenchyma 
cells.  Schumacher  finds  fluorescein  is  carried  solely  in 
protoplasm  and  does  not  permeate  the  wall  excepting  along 
plasmodesma,  while  Van  der  Wey  suggests,  but  without 
much  supporting  evidence,  that  the  growth  substance  is 
carried  by  wall  plasm  that  in  part  permeates  the  walls. 
Sugar  transport  almost  certainly  is  not  polar  and  salt 
transport  probably  is  not,  while  movement  of  the  growth 
substance  seems  strictly  polar.  It  is  possible,  however, 
that  movement  may  have  fixed  polarity  in  coleoptiles  and 
be  reversible  in  other  parts.  The  amount  of  the  growth 
substance  carried  is  obviously  much  less  than  that  of 
carbohydrates,  nitrogen,  or  other  nutrient  elements;  for 
the  initial  concentration  of  growth  substance  used  in  most 
of  his  experiments  was  usually  of  the  order  0.000001 
normal,  or  0.00003  per  cent.  A  mechanism  that  is  ade- 
quate for  the  transport  of  the  growth  substance,  there- 
fore, may  not  be  adequate  for  transport  of  sugars. 

The  velocity  of  transport  of  the  growth  substance  seems 
much  slower  than  that  of  fluorescein,  but  this  may  be  due 
to  the  fact  that  rates  for  growth  substance  seem  to  have 
been  determined  with  parenchyma  tissues,  while  the  higher 
rates  of  movement  of  fluorescein  were  observed  with  sieve 
tubes.  The  data  presented  by  Van  der  Wey  indicate  a 
transport  of  the  growth  substance  of  from  0.05  to  0.25  mm. 
per  minute,  while  Schumacher  estimated  fluorescein  to  be 
carried  through  sieve  tubes  at  about  5  mm.  per  minute. 
In  hair  cells,  on  the  other  hand,  he  found  fluorescein  to 
move  about  0.05  mm.  per  minute.  The  velocity  of  normal 
sugar  transport  is  not  known.  It  is  true  that  Miinch 
and  Crafts  have  estimated  velocities  of  flow  of  phloem 
exudate,  but  both  the  rate  as  well  as  the  mechanism  of  flow 
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of  exudate  may  be  abnormal.  Mason  and  Maskell  (1928a) 
found  an  increase  in  sugar  content  of  the  bark  of  cotton,  at 
a  distance  of  about  50  cm.  from  the  leaves,  to  lag  behind  an 
increase  in  the  leaves  by  about  2  hr.  This  would  indicate 
a  linear  transport  at  a  rate  of  about  25  cm.  per  hour. 
Reported  rates  of  transport  of  viruses  which  were  supposed  to 
be  moving  largely  through  phloem  tissues  have  ranged  from 
0.25  mm.  per  minute  and  lower  up  to  25  mm.  per  minute. 
In  many  of  these  cases  the  calculated  rates  are  not  very 
exact  because  the  total  time  between  inoculation  at  one 
point  and  arrival  at  another  was  included,  and  there  was 
no  way  of  knowing  the  time  at  which  the  virus  entered 
the  phloem.  Some  have  used  leaf  hoppers  for  introducing 
the  virus  directly  into  the  phloem  and  have  thus  a  fairly 
accurate  knowledge  as  to  the  time  of  entrance  of  the  virus. 
By  such  a  method  Bennett  (1934)  has  observed  rates  of 
movement  up  to  25  mm.  per  minute  for  transport  of  virus 
in  sugar  beets. 

If  movement  through  the  sieve  tubes  of  all  substances 
being  transported  is  unidirectional,  this  would  point  to  a 
mechanism  of  the  sort  proposed  by  Miinch.  However, 
the  movement  of  more  than  one  substance  in  one  and  the 
same  direction,  such  as  virus  and  sugar,  for  example,  does 
not  mean  that  both  are  being  carried  by  the  same  mechan- 
ism. Sugar  may  be  carried  along  a  diffusion  gradient 
where  the  movement  is  being  hastened  by  streaming,  while 
the  virus,  because  of  its  electrical  charge,  may  be  carried 
cataphoretically  or  may  attach  itself  only  to  that  part 
of  the  protoplasm  which  is  moving  in  the  one  direction. 
It  is  even  conceivable  that  in  special  cases  there  may  be 
unidirectional  flow,  as  in  a  leaf  or  flower  which  is  being 
emptied  of  certain  materials  before  abscission,  where  the 
protoplasm  itself  may  be  actually  withdrawing  through 
the  sieve  tubes.  Kienitz-Gerloff  (1891)  has  made  a  similar 
suggestion.  Such  a  withdrawal  may  be  comparable  to 
the  withdrawal  of  the  Plasmodium  of  a  myxomycete  from 
the  medium  through  which  it  had  spread  itself.  Such  a 
withdrawal  could  take  place  by  a  mechanism  very  different 
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from  that  proposed  by  Miinch,  and  when  the  osmotic 
concentration  of  the  emptying  tissue  is  less  than  that  of  the 
receiving. 

Growth  responses  involving  matters  of  regeneration  and 
dominance  of  the  sort  described  in  Sees.  41  and  42  have 
often  been  ascribed  to  transport  of  special  hormones.  The 
effects  seem  to  be  controlled  in  many  cases  by  transport 
or  transmission  through  the  phloem.  If  they  are  due  to 
transport  of  hormones,  as  often  assumed,  and  since  the 
direction  of  movement  is  often  not  the  same  as  that  of 
sugar  movement,  the  evidence  would  point  to  transport 
in  both  directions  simultaneously.  This  would  seem  to  be 
in  opposition  to  the  ISIiinch  or  Crafts  hypothesis.  Miinch 
(1932)  assumes  different  growth  substances  to  be  concerned 
in  shoot  growth  and  cambial  growth,  and  suggests  that 
growth  may  also  be  partly  controlled  by  inhibitors.  Since 
these  growth  substances  seem  to  be  transported  through 
the  phloem  and  not  always  in  the  same  direction  as  the 
assimilates,  he  suggests  that  they  do  not  move  through 
the  sieve-tube  lumen  because,  according  to  his  hypothesis 
the  sieve-tube  contents  can  move  in  but  one  direction 
at  a  time.  He  points  out  that  Went's  suggestion  (1932), 
that  they  are  carried  in  companion  cells,  is  untenable 
because  companion  cells  are  absent  in  conifers.  He  thinks 
it  probable  that  they  are  carried  in  the  walls,  as  suggested 
by  Van  der  Wey  (1932),  while  the  mechanism  and  direction 
of  transport  are  controlled  by  their  electrical  charge. 
There  seems  to  be  no  clear-cut  evidence,  however,  indi- 
cating such  movement  along  walls  and  both  Van  der  Wey 
and  Miinch  suggest  the  walls  because  they  think  moving 
protoplasm  is  not  concerned  or  that  movement  can  be  in 
only  one  direction  through  the  lumen. 

Studies  on  the  translocation  of  hormones,  viruses,  and 
fluorescein  have  been  interpreted  by  several  investigators 
as  indicating  a  unidirectional  movement  through  phloem 
and  an  outward  transport  only  from  mature  leaves.  Both 
fluorescein  and  viruses  seem  to  move  only  outward  from 
mature  leaves  even  when  darkened  for  varying  periods,  and 
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show  no  movement  or  only  a  greatly  delayed  movement 
into  them.  This  evidence  supports  the  opinion  held  by 
many  that  movement  through  the  phloem  of  mature  leaves 
is  restricted  to  export  only.  Phillis  and  Mason  (1933), 
however,  observed  a  movement  of  sugar  into  darkened  leaves 
of  cotton,  and  although  this  may  have  been  restricted  to 
movement  into  conducting  tissues  only  it  does  demonstrate 
a  reversal  through  the  phloem  of  the  petiole.  Furthermore 
the  fact  that  white  leaves,  which  are  occasionally  met  with 
on  many  kinds  of  plants,  continue  to  live  and  receive  foods 
from  the  rest  of  the  plant  (Wee vers,  1923)  offers  conclusive 
proof  that  some  mature  leaves  can  readily  receive  sugar 
from  the  parent  plant.  That  they  can  remain  alive  and 
continue  to  receive  food  if  darkened  has  not  been  tested 
so  far  as  I  know.  It  would  be  of  interest  to  determine 
whether  such  white  leaves  receiving  carbohydrates  through 
the  phloem  would  at  the  same  time  export  fluorescein  or 
viruses.  If  they  would  do  so,  as  might  be  expected,  it 
would  seem  to  demonstrate  simultaneous  transport  in 
both  directions  through  the  phloem.  The  continued  export 
of  nitrogen  (Schumacher,  1931),  of  fluorescein  (Schumacher, 
1933),  and  of  viruses  (Holmes,  1932;  Caldwell,  1934)  from 
darkened  leaves,  at  a  time  when  sugar  was  probably  moving 
into  the  leaves,  points  rather  strongly  to  a  mechanism  allow- 
ing simultaneous  movement  in  both  directions.  These 
observations  also  indicate  a  mechanism  that  is  active 
independently  of  the  presence  or  absence  of  material 
to  be  transported.  It  is  true,  on  the  other  hand,  that  in 
spite  of  the  evidence  for  movement  of  carbohydrate  into 
darkened  cotton  leaves,  as  well  as  into  white  leaves,  we 
have  not  conclusive  evidence  that  darkened  leaves  which 
are  exporting  virus  or  fluorescein  are  at  the  same  time 
receiving  carbohydrate.  As  mentioned  previously  trans- 
port in  leaves  that  are  approaching  death  or  are  about  to 
abscise  may  be  strictly  unidirectional  and  outward  only. 
Evidence  on  this  point  and  even  on  the  matter  of  normal 
movements  into  and  out  of  leaves  is  very  meagre. 

39.  The  Necessity  of  Living  Cells. — That  living  cells  are 
necessary  for,   and  take  an  active  part  in,   translocation 
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through  the  phloem  was  strongly  urged  by  Lecomte 
(1889)  and  has  been  fairly  generally  accepted  by  botanists 
since  the  work  of  Czapek  (1897).  He  demonstrated  that 
the  killing  of  the  petiole  with  steam  or  chloroform  pre- 
v^ented  the  removal  of  carbohydrates  from  the  leaves.  He 
used  the  test  for  disappearance  of  starch  as  a  criterion 
for  removal.  This,  of  course,  is  not  always  a  conclusive 
test  especially  when  used  with  leaves,  yet  under  the 
conditions  of  Czapek's  experiments  seems  to  have  been 
suitable.  Deleano  (1911),  although  he  found  that  killing 
of  the  petiole  with  steam  or  chloroform  distinctly  retarded 
carbohydrate  removal  from  the  leaf  blade,  reducing  it  to 
one-third  the  normal,  claimed  that  there  was  still  a  fairly 
rapid  backward  translocation  through  the  dead  petiole. 
His  criterion  for  loss,  however,  was  based  on  a  change  in 
dry  weight  or  sugar  content  of  the  blade  expressed  as  a 
percentage  of  the  fresh  weight.  He  assumed  that  the 
fresh  weight  of  the  attached  and  darkened  leaf  remained 
constant  over  a  period  of  26  to  48  hr.  and  that  any  change 
in  dry  weight  expressed  as  a  percentage  of  this  fresh  weight 
was  a  real  change  in  total  dry  weight.  In  one  experiment, 
for  example,  he  found  in  the  normal  leaf  a  reduction  of 
3.49  per  cent  in  dry  weight  expressed  in  this  manner. 
It  is  probable,  however,  that  much  if  not  all  of  this  change 
in  percentage  was  due  to  an  increase  in  water  content  of  the 
darkened  leaf  and  not  to  transport  of  solids.  It  is  sur- 
prising how  frequently  a  change  in  percentage  compo- 
sition is  assumed  to  be  due  to  a  change  in  one  constituent 
when  the  change  in  amount  of  any  one  or  more  of  sev- 
eral other  variables  may  have  been  responsible  (see  also 
Sec.  12,  pp.  64-67).  More  recently,  however  (see  especially 
Deleano  and  Andreesco,  1932),  Deleano  has  published 
several  papers  dealing  with  movement  of  various  nutrient 
elements  including  nitrogen,  into  and  out  of  leaves  of 
Salix  fragilis,  and  has  expressed  the  data  on  an  absolute 
basis.  For  most  of  the  mineral  elements  he  has  found 
that  they  increase  until  about  June  1,  remain  practically 
constant  until  about  Sept.   1  to  20,  and  just  before  leaf 
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fall  pass  in  appreciable  quantities  back  to  the  stem,  roots, 
and  soil.  Calcium  behaved  peculiarly  in  that  it  continued 
to  increase  until  about  June  20  and  was  not  removed 
before  leaf  fall. 

Failure  to  transport  solutes  through  dead  phloem  tissues, 
however,  is  not  conclusive  evidence  that  living  cells  take 
an  active  part  in  the  actual  transport;  for  killing  would 
certainly  coagulate  some  of  the  proteins  that  are  abundant 
in  these  tissues.  Such  coagulation  would  be  expected  to 
prevent  or  retard  movement  of  any  sort  through  these 
tissues,  except  perhaps  diffusion.  Czapek  (1897)  and 
others,  moreover,  have  found  that  treatments  which  reduce 
certain  forms  of  protoplasmic  activity  without  killing  the 
cells  may  hinder  food  transport.  He  found  that  exposure 
of  petioles  to  chloroform  which  did  not  kill  prevented, 
however,  the  removal  of  starch  from  the  blade.  Deleano 
(1911)  also  found  chloroform  to  have  a  retarding  effect 
similar  to  that  of  killing  but  claimed  that  transport  was 
not  completely  stopped.  As  explained  above,  however,  his 
claim  of  transport  through  dead  or  anesthetized  stems  is 
not  well  founded.  Kruseman  (1931)  found  treating  the 
petioles  of  Phaseolus  leaves  with  chloroform,  to  interfere 
with  transport  from  the  leaf.  Schumacher  (1933),  how- 
ever, found  various  anesthetics  to  have  no  effect  on  trans- 
port of  fluorescein,  unless  used  in  amounts  sufficient  to 
cause  injury.  Possibly  such  injury  occurred  in  the  experi- 
ments of  Czapek  and  Deleano  and  recovery  was  due  to 
regeneration  of  new  phloem  cells. 

McCallum  (1905)  found  that  local  etherization  of  a  stem 
would  induce  root  development  above  the  etherized  part 
when  the  etherized  part  was  not  killed,  Moore  and  Willa- 
man  (1917)  found  that  local  fumigation  of  a  stem  of 
tomato  with  hydrocyanic  acid  interfered  with  translocation 
even  when  the  stem  was  not  killed.  The  delay  of  starch 
removal  from  the  upper  part  of  the  fumigated  branch  and 
the  development  of  axillary  buds  below  this  part  may  be 
considered  as  evidence  for  an  interference  in  translocation 
either  of  carbohydrates,  nitrogen,  and  such  solutes  or  of 
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growth-controlling  hormones,  or  both  foods  and  hormones. 
The  appearance  of  the  stem  and  the  fact  that  the  axillary 
shoots  stopped  growing  when  the  part  above  recovered 
demonstrated  that  the  parts  were  not  killed. 

Child  (1921)  and  Child  and  Bellamy  (1919)  found  that 
local  chilling  of  the  stem  of  the  scarlet  runner  or  lima  bean 
would  induce  the  formation  of  shoots  below  the  chilled 
portion.  Similar  local  chilling  of  the  runner  of  Saxifraga 
sarmentosa,  they  found,  would  induce  the  development 
of  a  plant  at  the  runner  tip.  These  regeneration  effects 
are  similar  to  those  induced  by  ringing  or  by  local  killing 
or  anesthesia  of  the  stems.  The  writers  concluded  that 
there  could  have  been  no  interference  with  movement  of 
materials  since  the  shoots  did  not  wither  and  the  growth 
of  the  runner  tip  seemed  normal.  Therefore  they  explained 
the  effect  of  chilling  as  due  to  an  interference  in  the  trans- 
mission of  an  influence  or  stimulus  comparable  to  an 
effect  of  local  chilling  on  the  transmission  of  a  nerve 
stimulus.  Although  these  regeneration  phenomena  are 
induced  by  cutting,  killing,  anesthesia,  or  chiUing  of  the 
phloem  tissues  and  may  therefore  be  due  to  an  interrup- 
tion of  solute  movement,  one  is  not  justified  in  concluding 
from  this  that  interfering  with  solute  movement  alone  will 
fully  account  for  regeneration.  The  same  phloem  tissue 
may  take  part  in  both  transportive  and  transmissive 
effects.  The  fact  that  the  phloem  contains  living  cells 
with  well-developed  protoplasmic  connections  might  be 
considered  to  favor  both  the  transmissive  and  transportive 
explanations. 

More  recently  it  has  been  demonstrated  (Curtis,  1929) 
that  similar  local  chilling  actually  does  interfere  with  the 
backward  transport  of  carbohydrate  from  the  leaf  blades. 
Details  as  to  procedures  and  results  can  be  found  in  the 
original  paper.  The  data  presented  in  Table  24  represent 
the  type  of  results  obtained.  It  is  clear  that  backward 
transport  is  checked  or  stopped  when  a  part  of  the  petiole 
or  stem  is  chilled  to  a  temperature  somewhere  between 
0  and  about  6"C.    Later  investigations  indicate  that  it  may 
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be  nearer  0  than  6°C.  Temperatures  somewhat  above  6°C. 
had  no  significant  effects  on  transport.  Comparable  effects 
on  regeneration  were  reported  by  Child  and  Bellamy  (1919). 
Although  the  data  are  not  sufficiently  complete  to  demon- 
strate just  how  abrupt  the  stoppage  is  or  what  the  critical 
temperature  is,  yet  they  show  very  clearly  that  the  influence 
of  a  fall  of  a  few  degrees  at  the  lower  range,  somewhere 
around  4  to  6°C.,  is  much  greater  than  a  similar  fall  in 
temperature  at  a  higher  range,  such  as  between  10  and 
25°C.  It  seems  probable  that  the  critical  temperature  will 
vary  with  the  plant,  its  previous  condition,  and  the  time 
of  exposure.  This  would  follow  if,  as  seems  to  me  probable, 
the  stoppage  is  related  to  stoppage  of  protoplasmic  stream- 
ing. Ewart  (1903)  has  observed  protoplasmic  streaming 
to  cease  when  lowered  to  a  few  degrees  above  zero  and  then 
later  begin  again  at  the  same  temperature. 

Kruseman  (1931),  though  he  found  some  retardation 
especially  at  the  lower  temperatures  when  he  cooled  the 
petioles  of  Phaseolus  leaves,  did  not  find  the  marked 
retardation  that  I  did  and  disagrees  with  my  interpre- 
tation. Most  of  the  temperatures  he  used,  however,  were 
5°C.  or  above,  which  is  so  near  the  critical  temperature 
that  streaming  may  not  have  been  stopped  all  the  time. 
Even  though  his  temperatures  remained  fairly  constant, 
in  several  instances  the  temperature  rose  for  varying 
periods  above  the  average  temperature  given.  In  my 
experiments  a  maximum-minimum  thermometer  placed  in 
the  line  showed  in  most  experiments  a  smaller  range,  a 
maximum  of  4°C.  and  a  minimum  of  3°C.  for  the  data 
reported  in  Table  24.  He  suggests  that  experimental 
errors  in  my  method  of  using  paired  leaves  may  have 
accounted  for  the  differences  obtained.  However,  the 
differences  were  so  great,  the  findings  were  so  consistent 
with  different  individuals  and  in  different  experiments,  and 
the  statistical  treatment  showed  such  striking  odds,  that 
I  am  convinced  the  data  are  really  significant.  Stanescu 
(1933)  obtained  data  indicating  some  retardation,  but  these 
effects   also   were   much  less   pronounced   than  my  own. 
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The  temperature  at  which  he  kept  the  petiole  ranged  from 
5  to  7°C.,  which  was  almost  certainly  above  the  critical 
point  at  least  for  a  part  of  the  time,  and  this,  I  am  sure, 
accounts  for  the  lack  of  great  differences.  It  is  perhaps 
surprising  that  if  materials  are  carried  by  streaming  proto- 
plasm, there  is  not  more  retardation  at  intermediate  tem- 
peratures, for  the  rate  of  streaming  must,  it  seems,  be  less 
at  8  than  at  18°C.  As  pointed  out  in  my  earlier  paper, 
however  (Curtis,  1929),  some  factor  other  than  rate  of 
streaming  may  be  hmiting  the  amount  of  transport  so 
that  the  rate  of  streaming  does  not  become  important 
until  the  lower  temperatures  are  reached.  Furthermore, 
these  findings  bear  only  on  the  amount  of  material  trans- 
ported, not  on  the  velocity  of  transport. 

Recent  experiments  of  Schumacher  (1930)  give  addi- 
tional evidence  that  living  cells  are  actively  engaged  in 
transport.  By  the  use  of  eosin,  which  is  toxic  and  which 
seems  to  have  a  specific  effect  on  sieve  tubes,  inducing 
a  formation  of  callose  plugs  on  the  sieve  plates,  he  was  able 
to  interfere  with  translocation  through  the  phloem.  He 
claims  this  work  proves  conclusively  that  transport  takes 
place  almost  exclusively  through  the  sieve  tubes  because 
they  alone  develop  the  callose  plugs,  while  the  companion 
and  parenchyma  cells  appear  normal  and  show  normal 
movements.  Although  the  plugging  of  the  sieve  tube  is 
clear  and  positive  evidence,  the  evidence  is  not  clear  that 
the  activity  of  the  companion  and  phloem  parenchyma 
cells  is  not  also  interfered  with.  Even  though  streaming 
continued  in  parenchyma  cells,  the  ability  of  the  proto- 
plasm to  absorb  or  carry  normal  solute  may  have  been 
destroyed  by  the  eosin.  If  the  stoppage  of  translocation 
is  due  solely  to  plugging  of  the  sieve  tubes,  the  evidence 
does  not  directly  support  the  contention  that  living  cells 
take  an  active  part  in  transport.  It  would  be  interesting 
to  know  if  local  chilUng  or  anesthetics  cause  a  temporary 
coagulation  of  the  contents  or  the  development  of  a  callose 
plug.  Dr.  Knudson  has  brought  to  my  attention  the  fact 
that   temperatures  below   11°C.   may   cause   stoppage   of 
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bleeding  from  latex  tubes  of  banana  fruits.  In  a  later 
paper  Schumacher  (1933)  gives  strong  evidence  that  the 
living  protoplasm  in  sieve  tubes  is  essential  for  the  trans- 
port of  fluorescein.  , 

The  available  evidence  seems  rather  conclusive  that 
translocation  takes  place  through  the  phloem  only  as  long 
as  it  is  alive.  Although  experiments  on  chilling,  anes- 
thesia, etc.,  indicate  that  the  cells  must  be  not  merely 
alive  but  take  an  active  part  in  the  transport,  this  evi- 
dence is  not  incontrovertible  and  this  phase  needs  further 
investigation. 

Final  understanding  as  to  the  part  played  by  living  cells 
is  closely  linked  with  that  of  the  mechanism  of  transport. 
A  mechanism  of  streaming  protoplasm  is  clearly  dependent 
upon  living  and  active  cells.  A  mechanism  of  the  sort 
suggested  by  Van  den  Honert  (1932)  would  probably  be 
dependent  on  living  protoplasm  in  so  far  as  living  proto- 
plasm is  necessary  for  maintaining  the  active  interface 
over  which  the  materials  are  carried.  In  a  sense,  the 
mechanism  may  be  considered  as  a  special  type  of  proto- 
plasmic streaming  in  which  the  interfacial  protoplasmic 
films  move  faster  than  the  more  granular  visible  proto- 
plasm. A  mechanism  of  the  sort  suggested  by  Miinch 
seems  independent  of  the  activity  of  living  cells,  except 
as  they  may  be  concerned  in  furnishing  the  osmotic  mem- 
brane at  the  source,  in  maintaining  a  gradient,  in  keeping 
the  tubes  in  condition  for  transport,  and  in  preventing 
leakage  from  the  system.  A  mechanism  of  the  sort 
proposed  by  Crafts  seems  entirely  independent  of  living 
cells  except  for  the  introduction  and  removal  of  the  sugars 
at  the  two  ends  of  the  system.  According  to  the  proposal 
of  Crafts,  the  phloem  must  also  be  surrounded  by  living 
cells  or  something  to  prevent  leakage.  With  such  a 
mechanism  a  system  of  open  or  dead  tubes  more  like  that 
of  the  xylem  would  seem  to  be  more  effective. 

The  very  facts  that  sieve  tubes  seem  universally  present 
in  all  types  of  plants  in  which  rapid  transport  of  solutes 
takes  place,  that  they  are  more  extensive  and  most  highly 
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developed  in  those  vascular  tissues  demanding  most 
effective  transport,  and  that,  so  far  as  we  know,  they 
always  contain  living  protoplasm;  all  point  strongly  to 
the  conclusion  that  the  sieve  tubes  take  part  in  transport 
and  that  the  living  contents  play  a  significant  and  active 
role.  This  evidence  would  strongly  favor  the  proto- 
plasmic streaming  hypothesis,  or  the  Van  den  Honert 
modification,  as  contrasted  with  those  of  Miinch  or  Crafts. 
None  of  the  hypotheses  that  have  been  suggested  to 
account  for  transport  through  the  phloem  seems  adequate, 
and  it  has  not  even  been  definitely  established  whether 
transport  is  or  is  not  unidirectional  at  any  one  time  and 
place. 

SUMMARY 

26.  Because  of  the  differences  between  structure  and  contents  of  the  xylem 
tissues  and  those  of  phloem  tissues,  one  would  hardly  expect  methods  that 
are  effective  in  causing  flow  through  the  one  to  be  effective  in  causing  move- 
ment through  the  other.  Differences  in  pressure  applied  externally  at  the 
ends  of  the  tracheids  or  vessels  of  the  xylem,  either  increased  pressure  at 
one  end  or  reduced  pressure  or  tension  at  the  other,  are  effective  in  causing 
flow  of  solutions  through  the  system,  because  it  consists  of  rather  thick- 
walled  cells  that  resist  collapse  and  contain  httle  or  no  solid  material  that 
would  obstruct  the  flow.  With  the  sieve  tubes  of  the  phloem,  on  the  other 
hand,  the  tubes  are  usually  narrower,  are  less  rigid,  have  rather  frequent 
cross  walls  with  but  minute  openings,  and  contain  protoplasm  and  other 
solid  or  semisolid  materials  that  would  seem  likely  to  obstruct  free  flow. 
Methods  that  have  been  found  to  be  effective  in  causing  flow  through  the 
xylem  have  not  been  found  effective  in  causing  flow  through  the  phloem. 
This  difference  is  probably  related  to  differences  in  structure  and  content 
of  the  two  types  of  tissues. 

27.  It  had  been  suggested  that  diffusion  accounted  for  transport  of  solutes 
through  the  phloem,  but  at  an  early  date  diffusion  alone  was  demonstrated 
to  be  inadequate.  It  had  also  been  suggested  that  moving  protoplasm 
which  had  been  widely  observed  might  account  for  transport,  but  this  sug- 
gestion was  not  widely  accepted  because  observations  indicated  that  proto- 
plasmic streaming  does  not  occur  in  sieve  tubes  when  they  are  mature  and 
supposedly  active.  Rather  indefinite  appeals  were  made  to  turgor  pressures 
as  the  cause  of  flow,  but  no  clearly  defined  hypothesis  was  formulated  to 
explain  the  mechanism  of  flow.  Several  had  recognized  the  possibility  that 
an  explanation  of  movement  from  cell  to  cell  involved  a  transport  through 
surface  membranes  which  often  show  a  very  low  permeability  to  sugars  and 
which  therefore  seem  to  introduce  added  difficulties  to  finding  a  satisfactory 
explanation  of  movement.  This  difficulty  has  been  met  by  some  through 
suggesting  that  movement  takes  place  through  plasmodesma  thus  avoiding 
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passage  through  a  surface  membrane.  Others  have  suggested  that  it  is 
only  the  vacuolar  membrane  of  the  cell  that  shows  low  permeability  to 
sugar,  and  low  permeability  of  the  surface  membrane  offers  no  special 
difficulty. 

28.  Mlinch  has  suggested  that  there  is  a  unidirectional  flow  of  phloem 
contents  that  is  brought  about  by  a  pressure  gradient.  This  pressure  gradi- 
ent is  estabhshed  and  maintained  by  differences  in  osmotic  concentrations 
of  supplying  and  receiving  tissues.  If  within  an  osmotic  system  (a  single 
membrane  or  a  group  of  membranes  connected  by  openings  that  will  allow 
mass  flow  of  solution)  the  osmotic  concentration  is  high  at  one  end  or  on  one 
face  and  the  concentration  is  low  at  the  other  end  or  on  another  face,  and 
water  is  available  at  the  end  having  a  high  concentration,  there  will  be 
absorption  of  water  through  the  membrane  in  the  region  of  high  concen- 
tration, a  mass  flow  through  the  system,  and  excretion  of  water  from  the 
region  of  low  concentration.  In  applying  this  to  living  plants  it  is  assumed 
that  a  semipermeable  membrane  exists  separating  living  cells  from  water 
in  water-conducting  tissues.  Plasmodesma  are  supposed  to  allow  for  flow 
of  solutions  from  one  living  cell  to  another,  while  sieve  pores  allow  for  similar 
flow  through  specialized  sieve  tubes.  Therefore,  if  the  supplying  cells  or 
tissues  have  a  high  osmotic  concentration,  the  receiving  cells  a  low  concen- 
tration, and  the  plasmodesma  and  sieve  pores  allow  for  mass  flow,  there 
should  be  a  transport  of  solution  from  the  cells  with  high  concentration  and 
high  turgor  to  those  with  low. 

29.  Several  factors  tend  to  support  the  Mlinch  hypothesis.  The  fact  of 
exudation  from  cut  phloem  proves  the  possibility  of  mass  flow  through  this 
tissue.  The  observed  cessation  of  such  flow  if  a  second  cut  is  made  above 
the  first  and  the  continued  flow  if  the  second  cut  is  made  below  points  to 
a  mass  flow  of  the  sort  postulated.  An  exudation  of  water  from  the  cambial 
surface  when  left  in  contact  with  phloem  so  that  it  can  receive  material 
from  the  phloem,  is  added  evidence,  but  evidence  is  presented  by  Weevers 
and  Westenberg  denying  such  an  exudation. 

30.  There  are  many  weaknesses  in  the  Mtinch  hypothesis.  (1)  The 
proposed  mechanism  would  not  allow  for  simultaneous  movement  in  both 
directions  through  the  phloem,  yet  there  is  a  fair  amovmt  of  evidence  point- 
ing to  such  a  simultaneous  movement.  (2)  Calculations  indicate  that  the 
pressure  gradients  available  are  insufficient  to  cause  a  flow  of  solution 
through  the  conducting  tissues  into  receiving  cells  and  exudation  of  water 
from  the  receiving  cells.  This  is  true  especially  where  receiving  cells  are 
at  a  great  distance  from  the  supplying  cells,  as  is  the  case  in  certain  trees 
or  vines  where  the  receiving  roots  may  be  a  great  distance  from  the  leaves. 
(3)  Naturally  existing  osmotic  concentration  gradients  as  well  as  turgor 
gradients  have  been  demonstrated  in  many  cases  to  lead  in  a  direction  the 
reverse  of  that  required  by  the  proposed  hypothesis.  The  reduced  turgor 
of  leaves  during  the  day  should  reduce  transport,  but  available  evidence 
indicates  greater  transport  by  day.  Although  it  has  been  suggested  that 
this  reduced  turgor  of  the  leaves  is  offset  by  increased  tension  in  the  receiving 
cells,  this  would  be  effective  only  if  the  sieve  tubes  were  rigid  and  could 
transmit  such  a  tension  throughout  their  length.  Wliere  tissues  are  com- 
peting for  organic  solutes  often  those  with  higher  turgor  receive  the  solutes, 
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while  those  with  lower  turgor  and  nearer  the  source  of  supply  fail  to  receive 
the  solutes.  (4)  The  proposed  mechanism  seems  not  adapted  to  account 
for  movement  of  specific  substances  to  specific  cells  or  tissues,  but  all  must 
move  together.  (5)  The  removal  of  water  from  the  receiving  cell  if  it  is 
in  the  position  of  the  cambium  may  be  easily  explained,  but  removal  from 
apical  growing  points  or  from  cortical  storage  tissues  is  not  easily  accounted 
for.  (6)  If  the  proposed  mechanism  is  correct,  it  is  difficult  to  account  for 
the  failure  of  leaves,  or  stems  bearing  leaves,  to  empty  carbohydrate  when 
the  cut  petiole  or  stem  is  placed  in  water.  Under  such  conditions  the  pres- 
sure gradient  through  the  phloem  should  be  steepened  because  the  distance 
of  flow  is  shortened,  the  phloem  is  cut  open  reducing  the  resistance,  and  the 
supply  of  water  through  the  xylem  is  increased.  (7)  Local  chilling  of  the 
petiole  or  stem  does  not  stop  exudation  from  cut  phloem,  yet  it  does  prevent 
emptying  when  the  leaf  or  stem  is  attached  to  the  plant.  The  method  of 
flow,  rate  of  flow,  and  direction  of  flow  in  cut  phloem  may  be  strictly  abnor- 
mal. (8)  A  pressure  that  would  cause  a  unidirectional  mass  flow  through 
plasmodesma  or  sieve  pores  would  probably  cause  a  flow  of  the  protoplasm 
that  lies  across  these  pores,  would  not  allow  for  its  return,  and  would  not 
allow  for  transport  of  the  vacuolar  contents  where  the  osmotic  pressure  is 
supposedly  developed.  Because  of  its  many  weaknesses  the  Miinch  hypo- 
thesis seems  untenable. 

31.  From  measurements  of  size  of  pores  of  sieve  tubes.  Crafts  calculated 
pressure  gradients  much  in  excess  of  those  available  would  be  necessary  to 
cause  a  flow  of  exudate  at  the  rates  actually  observed  with  cut  stems.  Since 
the  total  cross-sectional  area  of  cell  walls  is  greatly  in  excess  of  that  of  the 
sieve  pores,  and  even  of  the  sieve  tubes  themselves,  and  since  their  walls  in 
the  fresh  condition  are  thick  and  greatly  hydrated,  he  first  suggested  that 
the  hydrated  walls  acted  as  the  path  of  transport.  Because  of  the  great 
resistance  to  flow  through  hydrated  walls  and  since  the  protoplasm  seemed 
completely  permeable  to  solutes,  he  later  suggested  that  flow  takes  place 
principally  through  the  sieve-tube  lumen,  but  that  flow  takes  place  freely 
across  all  side  and  end  walls  and  is  not  restricted  to  flow  through  sieve  pores. 
The  actual  flow  through  sieve  tubes  is  supposed  to  take  place  by  a  mechan- 
ism similar  to  that  proposed  by  Miinch  with  the  exception  that  it  is  assumed 
that  neither  flow  out  of  supplying  cells  nor  entrance  into  receiving  cells 
takes  place  through  plasmodesma.  The  receiving  cells  are  assumed  to  be 
capable  of  absorbing  against  a  concentration  gradient,  and  absorption  is 
assumed  to  be  independent  of  turgor. 

32.  Most  of  the  weaknesses  attendant  upon  the  hypothesis  of 
Miinch  apply  equally  well  to  that  of  Crafts.  Attempts  to  obviate 
certain  weaknesses  of  the  former  are  based  on  assumptions  with 
little  supporting  evidence  and  have  introduced  other  weaknesses 
equally  serious.  The  claim  of  low  resistance  to  flow  through  walls  is  not 
substantiated,  nor  is  the  claim  that  the  protoplasm  of  sieve  tubes  is  com- 
pletely permeable.  Although  his  suggestions  and  conclusions  seem  not 
to  be  tenable,  he  gives  valuable  data  on  phloem  anatomy  and  his  observa- 
tions and  calculations  on  exudation,  as  well  as  those  of  others,  can  be  inter- 
preted to  indicate  that  exudation  from  phloem  and  other  cells  is  not  normal 
but  results  from  sudden  release  of  pressures  by  cutting.     Various  claims  by 
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others  that  solutes  move  chiefly  along  walls  in  the  absorbing  root  or  to 
the  apical  meristem  are  not  well  founded. 

33.  DeVries  seems  to  have  been  the  first  clearly  to  formulate  the  hypothe- 
sis that  protoplasmic  streaming  may  be  concerned  in  transport  of  solutes. 
Largely  because  of  failure  to  observe  streaming  in  mature  sieve  tubes,  the 
hypothesis  seems  to  have  been  discarded.  Fairly  satisfactory  evidence  has 
been  presented  that  explains  failure  to  observe  streaming  in  sieve  tubes. 
Several  points  seem  to  favor  transport  by  streaming  protoplasm.  Such 
movements  would  allow  for  transport  at  rates  immensely  more  rapid  than 
by  diffusion  alone;  it  could  account  for  selective  transport  to  special  tissues; 
it  could  account  for  transport  to  great  distances  without  requiring  excessive 
pressures  or  concentration  differences;  and  it  could  account  for  transport  out 
of  or  into  tissues  independent  of  the  osmotic  concentration  or  turgor  of 
the  tissues. 

34a.  Although  protoplasmic  streaming  would  seem  to  account  for  trans- 
port over  considerable  distances  at  rates  immensely  more  rapid  than  would 
diffusion  alone,  calculations  indicate  that  the  mechanism  is  not  adequate. 
These  calculations,  however,  may  be  misleading  because  rates  of  streaming 
in  specialized  elongated  cells  may  greatly  exceed  those  observed  in  paren- 
chyma cells  on  which  the  calculations  are  based;  and  the  measurements  of 
sieve  pores  and  sieve  tubes,  which  are  based  on  observations  of  cut  tissues, 
may  be  much  too  low  because  the  cutting  has  released  high  internal  pres- 
sures. It  is  also  conceivable  that  strands  of  protoplasm  may  actually  move 
through  sieve  pores,  and  possibly  even  through  plasmodesma,  and  thus 
allow  for  more  rapid  transport. 

h.  Though  protoplasmic  streaming  has  not  been  observed  in  mature  sieve 
tubes,  its  almost  universal  occurrence  in  other  living  cells  and  the  fact  that 
injury  attendant  upon  observation  would  easily  account  for  failure  to  find 
it  in  sieve  tubes  reduce  the  seriousness  of  this  objection. 

c.  Tests  with  aquatic  plants  have  indicated  that  protoplasmic  streaming 
does  not  greatly  hasten  the  transport  of  lithium  and  caffein,  even  though 
they  penetrate  into  the  vacuoles.  This,  however,  may  be  due  to  the  type 
of  substance  used  which  may  not  be  taken  up  by  the  moving  protoplasm. 
Fluorescein  has  been  demonstrated  to  be  carried  in  protoplasm,  though  it 
has  also  been  denied  that  the  moving  protoplasm  is  concerned  in  its 
transport. 

d.  If  materials  are  transported  by  moving  protoplasm,  it  would  seem  that 
there  might  be  simultaneous  transport  in  both  directions.  There  is  some 
evidence  for  simultaneous  movement  and  also  for  restricted  unidirectional 
movement.  The  best  evidence  for  unidirectional  movement  is  that  on  the 
polar  movement  of  the  growth  substance  in  Avena  coleoptiles.  There  is 
also  evidence  for  unidirectional  movement  of  certain  viruses  and  that  this  is 
not  polar  but  in  the  direction  of  major  movement  of  sugars.  There  is  also 
evidence  of  a  simultaneous  movement  of  virus  in  both  directions.  In 
certain  regions  or  under  certain  conditions  fluorescein  seems  to  move  in 
but  one  direction  but  under  other  conditions  in  both  directions. 

e.  It  has  not  been  demonstrated  that  the  movement  of  materials  is  or 
is  not  in  the  direction  of  a  diffusion  gradient.  Mason  and  Maskell  have 
given  strong  evidence  indicating  that  sucrose  is  the  principal  sugar  trans- 
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ported  through  sieve  tubes  and  that  its  movement  is  correlated  with  a 
diffusion  gradient. 

35.  Most  of  the  earUer  data  that  might  be  considered  as  offering  evidence 
on  concentration  gradients  are  of  doubtful  significance  because  they  con- 
sisted chiefly  of  mass  analyses  of  leaves  and  stem  tissues  in  which  the  xylem, 
phloem,  and  cortical  regions  were  not  separated.  Some  also  were  expressed 
as  percentages  of  dry  weight  which  cannot  be  safely  interpreted  in  terms 
of  concentration  gradients.  Mason  and  Maskell,  by  analyses  of  bark 
tissue  subdivided  into  outer,  middle,  and  inner  regions  so  as  to  compare 
parts  with  a  high  cortical  parenchyma  content  with  those  having  a  high 
phloem  content,  found  the  cortical  parenchyma  to  be  rich  in  hexoses  and 
low  in  sucrose,  while  those  tissues  that  consisted  chiefly  of  phloem  were  rich 
in  sucrose  and  poor  in  hexose.  The  vertical  gradients  for  sucrose  were 
always  in  the  direction  of  actual  sugar  transport,  independently  of  whether 
the  direction  was  natural  or  reversed  by  various  treatments.  The  gradient 
of  sucrose  led  to  the  receiving  boll,  while  that  for  hexoses  led  from  the  boll 
to  the  bark.  This  would  seem  to  lead  to  a  transport  from  the  boll  of  hexoses 
unless  some  mechanism  is  effective  in  preventing  such  loss.  Such  a  mechan- 
ism is  assumed  to  exist.  Phillis  and  Mason  give  strong  evidence  showing 
that  the  phloem  is  capable  of  absorbing  sugar  from  the  mesophyll  under 
conditions  that  build  up  a  steep  reverse  gradient  of  sucrose  leading  back 
to  the  mesophyll.  The  attempts  of  Maskell,  Mason,  and  Phillis  to  deter- 
mine concentration  gradients  for  nitrogen  have  been  less  successful.  These 
determinations  are  comphcated  by  the  fact  that  nitrogen  is  present,  in 
many  forms  of  which  some  may  be  moving  while  others  are  static,  and  by 
the  fact  that  the  forms  of  nitrogen  may  quickly  change  from  one  to  another. 
Another  still  more  serious  weakness  which  they  overlooked  lies  in  the  fact 
that  these  investigators  have  not  established  with  any  degree  of  certainty 
the  direction  in  which  nitrogen  is  actually  being  transported.  They  assume, 
with  almost  no  evidence  to  support  the  assumption,  that  all  nitrogen  first 
moves  entirely  through  the  xylem  to  the  leaves,  that  the  phloem  receives 
none  from  the  roots  and  none  from  the  xylem,  and  that  all  which  is  moving 
through  the  phloem  has  come  entirely  from  the  leaves. 

36.  Van  den  Honert  has  demonstrated  that  a  substance  that  lowers  the 
surface  tension  between  two  immiscible  liquids  will  spread  rapidly  over  the 
interface;  and  he  suggests  that  sugars  may  be  transported  in  phloem  tissues 
by  a  similar  mechanism.  The  direction  of  such  movement  is  determined  by 
the  concentration  gradient,  and  the  rate  of  movement  seems  to  be  of  the 
same  order  as  that  calculated  for  sugar  transport  through  the  phloem.  He 
suggests  that  movement  of  protoplasm  may  be  the  result  of  transport  and 
not  the  vehicle.  This  rapid-moving  surface  film  may  be  considered  as  a 
special  type  of  protoplasmic  streaming. 

37.  Schumacher  has  reported  a  rapid  transport  of  fluorescein  through  the 
sieve-tube  system.  This  dye  does  not  appear  in  the  vacuole  but  is  seemingly 
absorbed  and  transported  exclusively  in  the  protoplasm.  When  introduced 
through  leaves,  the  direction  of  movement  is  nearly  always  toward  the  stem 
from  where  it  may  move  either  down  or  up  or  in  both  directions.  When 
moving  up,  it  rarely  passes  into  leaves,  even  into  the  young  ones  that  are 
but  half  grown.     Rates  up  to  about  5  to  6  mm.  a  minute  were  observed  at 
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temperatures  around  30°C.  These  rates  were  greatly  reduced  at  around 
11°C.  and  they  became  barely  perceptible  below  4°C.  The  rate  seems 
entirely  uninfluenced  by  anesthetics,  and  is  independent  of  the  movement  of 
carbohydrates  or  nitrogen.  He  suggests  that,  although  the  transport  of 
fluorescein  takes  place  in  the  protoplasm,  its  movement  is  not  dependent  on 
moving  protoplasm.  The  evidence  for  this  latter  conclusion  is  not  strong. 
Although  the  movement  of  fluorescein  through  phloem  tissues  may  be 
strictly  comparable  to  that  of  sugars  and  other  substances,  it  is  possible 
that  sugars  may  move  by  a  different  mechanism.  The  quantity  of  sugar 
transported  seems  immensely  greater  than  that  of  fluorescein  or  growth 
substance. 

38.  Various  hormones  and  viruses  may  or  may  not  be  transported  in  the 
same  tissues  and  by  the  same  mechanism  concerned  in  food  transport. 
There  is  evidence  that  growth  substances  are  electrically  charged  and  show 
strict  polar  movement  only.  Went  has  suggested  that  these  substances 
are  carried  cataphoretically  and  that  the  movement  takes  place  in  companion 
cells.  The  evidence  for  the  latter  point  is  very  weak.  Van  der  Wey  has 
given  considerable  evidence  that  transport  of  the  growth  substance  of  Avena 
coleoptiles  is  strictly  polar;  the  velocity  of  transport  is  almost  independent 
of  temperature,  but  the  amount  transported  is  greatly  influenced  by  tem- 
perature. The  substance  is  supposed  not  to  be  carried  by  moving  proto- 
plasm and  he  suggests  that  it  is  carried  in  the  protoplasm  lying  next  to  the 
walls  as  well  as  in  that  permeating  them.  There  are  similarities  as  well  as 
striking  differences  between  the  reported  transport  of  growth  substance, 
of  virus,  of  fluorescein,  and  of  sugar.  All  are  carried  in  living  cells  and  seem 
to  be  under  partial  control  of  them.  The  velocity  of  movement  of  growth 
substance  is  about  the  same  as  that  of  fluorescein  moving  through  paren- 
chyma cells,  and  much  less  than  that  of  fluorescein  moving  in  sieve  tubes  by 
20  to  100  times.  Little  is  known  about  the  normal  velocity  of  sugar  move- 
ment, although  it  is  probably  more  nearly  the  same  as  that  of  fluorescein. 
The  velocity  of  movement  of  growth  substance  seems  almost  uninfluenced 
by  temperature  while  that  of  fluorescein  is  markedly  influenced.  Evidence 
is  lacking  concerning  the  influence  on  velocity  of  sugar  transport.  Move- 
ment of  growth  substance,  at  least  in  coleoptiles,  is  strictly  polar,  that  of 
fluorescein  and  virus  is  mostly  polar  in  leaves  but  not  so  in  stems,  while  that 
for  sugar  is  probably  mostly  nonpolar.  The  amounts  of  growth  substance 
or  virus  normally  carried  are  extremely  minute,  those  of  introduced  fluorescein 
may  be  somewhat  greater,  while  sugars  are  normally  transported  in  great 
quantity.  The  evidence  is  inadequate  to  make  clear-cut  comparisons,  but  it 
seems  to  indicate  that,  in  transporting  the  different  types  of  substances  here 
mentioned,  different  tissues  (parenchyma,  phloem  sheaths,  or  phloem 
proper),  different  parts  of  the  same  tissue  (sieve  tubes,  companion  cells), 
or  even  different  regions  of  a  cell  (vacuole  or  specific  layers  of  protoplasm 
in  sieve  tubes)  may  be  involved.  It  is  also  possible  that  the  mechanism 
of  transport  may  vary  with  the  kind  of  material  transported  and  with  the 
tissue  of  transport. 

39.  Although  denied  by  some  the  evidence  is  rather  conclusive  that 
appreciable  transport  does  not  take  place  through  dead  phloem.  There 
is  considerable  evidence  that  anesthetics  interfere  with  transport  of  sugars, 
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but  they  seem  to  have  no  influence  on  transport  of  fluorescein.  Analytical 
data  clearly  demonstrate  a  marked  reduction  in  carbohydrate  transport 
through  petioles  chilled  to  a  temperature  between  0  and  about  4°C.  That 
transport  is  reduced  at  these  temperatures,  that  the  effect  appears  rather 
abruptly,  and  that  the  critical  temperature  appears  to  be  somewhere  around 
6°C.  is  indicated  by  these  transport  studies  as  well  as  those  on  bud  inhibition. 
Some  have  failed  to  duplicate  the  temperature  effects,  but  it  seems  that  the 
material  was  kept  too  close  to  the  critical  temperature.  Although  transport 
takes  place  through  living  cells,  it  has  not  been  positively  established  that 
these  cells  take  an  active  part  in  the  transport  or  whether  they  are  merely 
passive  tubes.  Final  understanding  on  this  point  is  linked  with  an  under- 
standing of  the  mechanism  of  transport.  The  universality  of  speciaUzed 
sieve-tube  structures  containing  living  protoplasm  in  all  plant  tissues  show- 
ing rapid  transport  would  seem  to  point  to  a  mechanism  that  requires  living 
protoplasm  to  take  an  active  part  in  transport.  The  protoplasmic  stream- 
ing hypothesis  seems  at  present  best  adapted  to  meet  the  requirements  of 
transport  and  to  demand  the  structure  and  conditions  that  obtain  in  phloem 
tissues. 


CHAPTER  VII 

POSSIBLE  RELATIONS  BETWEEN  SOLUTE 
DISTRIBUTION  AND  BEHAVIOR 

The  probable  importance  of  solute  distribution  in  influ- 
encing or  determining  behavior  in  ordinary  growth  as  well 
as  in  regeneration  and  related  phenomena  was  mentioned 
in  the  introductory  chapter.  It  is  not  my  intention  to 
discuss  this  topic  at  any  great  length,  but  it  does  seem  worth 
while  to  point  out  the  possible  bearing  of  solute  movements 
and  factors  influencing  these  movements  upon  these 
problems. 

40.  Relations  between  Solute  Distribution  and  Amount 
of  Growth. — It  has  been  repeatedly  observed  since  early 
times  that  if  stems  are  ringed,  the  behavior  of  parts  above 
and  below  the  ring  becomes  appreciably  different  from  the 
normal  behavior.  Of  course,  exceptions  have  been  found 
in  those  plants  with  internal  phloem  or  in  monocotyledon- 
ous  plants  in  which  ringing  does  not  result  in  cutting  all 
of  the  phloem.  Experiments  and  common  horticultural 
practices  demonstrating  the  influence  of  a  change  in  dis- 
tribution of  solutes  following  ringing  are  so  extensive  and 
well  known  that  it  is  not  necessary  to  cite  specific  data  or 
to  discuss  these  effects  in  any  detail. 

One  of  the  most  striking  effects  of  ringing  is  that  the 
diameter  growth,  especially  that  immediately  above  the 
ring,  is  greatly  increased,  whereas  secondary  thickening 
below  the  ring  ceases  or  is  much  reduced.  This  enhanced 
diameter  growth  above  the  ring  seems  obviously  due  to 
an  increased  supply  of  carbohydrates,  or  possibly  other 
foods  produced  in  the  leaves,  whose  downward  transport 
has  been  stopped  by  the  ring.  The  reduced  supply  of 
carbohydrates,  and  possibly  some  special  food,  to  the 
region   below   the   ring   also   obviously   accounts   for   the 
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lessened  diameter  growth  there.  Fruits,  if  already  present 
above  the  ring  and  accompanied  by  many  leaves,  tend  to 
grow  larger,  sweeter,  and  brighter  colored,  and  these 
changes  are  usually  explained  as  resulting  from  the  higher 
carbohydrate  supply.  The  marked  accumulations  of  car- 
bohydrates above  the  ring,  as  demonstrated  by  qualitative 
and  quantitative  tests,  accompanied  by  a  corresponding 
deficiency  below  the  ring,  have  been  long  recognized  and 
support  the  generally  acceptable  explanation  that  these 
particular  growth  responses  result  from  a  disturbance  in 
carbohydrate  transport  brought  about  by  the  interruption 
of  backward  flow  by  the  ring. 

Other  changes  in  behavior  also  result  when  a  stem  is 
ringed.  Elongation  of  shoots  tends  to  be  checked  above 
the  ring  and  favored  below  the  ring.  Although  these 
changes  in  shoot  growth  are  not  usually  explained  on  the 
basis  of  altered  solute  distribution,  the  evidence  is  fairly 
clear  that  a  deficiency  or  at  least  relative  deficiency  of 
solutes  from  the  soil,  particularly  nitrogen,  may  account 
for  the  decreased  shoot  growth  above  the  ring  and  an 
enhanced  supply,  either  absolute  or  relative,  of  these  same 
solutes  may  account,  at  least  in  part,  for  the  increased 
shoot  development  below  the  ring.  The  reduced  tendency 
toward  vegetative  shoot  growth  above  a  ring  is  often 
accompanied  by  an  increased  tendency  toward  the  forma- 
tion of  flower  primordia,  and  this  is  usually  explained  as 
due  to  increased  carbohydrate  supply. 

It  has  long  been  recognized  that  ringing  results  in  a 
starvation  of  the  roots  and  therefore  a  diminution  of  root 
growth,  as  well  as  a  cessation  of  storage  in  subterranean 
organs  and  reduced  growth  of  these  organs.  These 
responses,  also,  obviously  result  from  a  disturbance  in 
normal  transport  of  organic  solutes. 

41.  Relation  between  Solute  Distribution  and  Regen- 
eration.— When  a  stem  is  ringed,  roots  are  Ukely  to  be 
formed  above  the  ring  and  shoots  below.  These  perhaps 
develop  more  commonly  from  dormant  or  suppressed 
primordia,  but  in  some  cases  they  may  be  strictly  adven- 
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titious.  Exceptions  will,  of  course,  be  found  in  some  plants 
which  seem  incapable  of  regenerating  shoots  or  roots. 
Although  many  of  the  responses  to  ringing,  especially 
changes  in  food  content,  diameter  growth  above  and  below 
rings,  growth  of  fruits,  storage  organs,  and  roots,  obviously 
result  from  an  interruption  of  food  transport  and  have 
been  usually  so  explained;  other  explanations  have  fre- 
quently been  offered  to  account  for  regeneration  phe- 
nomena. Some  have  proposed  that  regeneration  or  its 
lack  is  controlled  by  inhibitors  (Loeb,  1919;  Reed  and 
Halma,  1919a,  19196)  or  hormones  (Kastens,  1924)  which 
are  supposed  to  be  carried  in  the  phloem.  Others  have 
attempted  to  explain  the  phenomena  on  the  basis  of  the 
transmission  of  a  stimulus  or  influence  through  the  phloem 
(McCallum,  1905;  Child,  1921).  Still  others  have  con- 
sidered that  movement  of  nutrient  materials  (Loeb,  1924) 
may  largely  control  the  regeneration  phenomena.  I  shall 
not  attempt  to  discuss  these  interpretations  at  length  or 
to  weigh  the  evidence  for  and  against  them,  but  whatever 
interpretation  is  considered,  it  should  be  clearly  recognized 
that  cutting  the  phloem,  though  it  may  cut  the  channel 
through  which  specific  hormones  or  inhibitors  may  be 
transported  or  through  which  a  stimulus  may  be  trans- 
mitted, it  at  the  same  time  severs  the  tissues  through 
which  normal  solutes,  sugars,  proteins,  and  salts  are  being 
or  can  be  carried.  Furthermore,  it  not  only  prevents 
backward  movement  of  solutes  from  the  leaves  but  move- 
ment toward  the  apex  also.  Reed  and  Halma  (1919a) 
and  Child  (1921)  failed  to  realize  this  possible  upward 
transport  through  the  phloem. 

Loeb  (1924,  pp.  137-139)  claimed  that  the  materials  that 
influence  the  mass  of  regenerated  tissue  move  in  both 
directions  past  a  region  that  has  been  ringed.  In  experi- 
ments to  test  this  point,  with  Bryophyllum,  the  plant 
Loeb  used,  I  have  been  unable  to  duplicate  his  results 
when  the  phloem  was  entirely  cut.  In  ringing  Bryophyllum 
I  have  found  that  it  is  easy  to  remove  an  outer  layer  con- 
sisting largely  of  cortex,  which  treatment  gave  the  stem 
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the  appearance  of  having  been  ringed,  but  closer  examina- 
tion showed  a  layer  of  phloem  was  left  intact  and  the 
regeneration  response  confirmed  this.  Loeb  refers  to  but 
two  layers  which  he  calls  cortex  and  wood. 

The  composition  of  a  stem  also  influences  the  type  of 
regeneration.  A  high  carbohydrate  content  increases  the 
tendency  to  regenerate  roots  (Curtis,  1918)  and  one  with 
a  low  carbohydrate  content  to  regenerate  shoots  (see  also 
Kraus  and  Kraybill,  1918;  Reid,  1924;  and  others).  That 
extreme  changes  in  composition  alone  will  tend  to  induce 
regeneration  does  not  seem  to  follow,  for  McCallum  (1905) 
could  induce  no  such  regeneration  in  his  attempts  to  cause 
such  changes  in  composition.  The  methods  used  by 
McCallum,  however,  did  not  insure  as  extreme  changes, 
perhaps,  as  were  brought  about  by  decapitation,  ringing,  or 
removal  of  roots.  That  adventitious  root  formation  can 
be  induced  by  high  carbohydrate  content  without  removal 
of  active  roots  can  be  demonstrated  by  growing  the 
plant  with  deficient  nitrogen;  and  the  development  of  an 
increased  number  of  buds  can  be  brought  about  by  increas- 
ing the  nitrogen  and  water  supply  and  decreasing  the 
carbohydrate.  Whether  the  development  of  true  adven- 
titious buds  can  be  so  caused  may  be  doubtful. 

Evidence  pointing  to  composition  as  more  important 
than  hormone  or  transmissive  effects  in  causing  regenera- 
tion has  been  obtained  from  experiments  on  double-ringing. 
I  have  found  that  defoliated  parts  between  double  rings 
have  a  strong  tendency  toward  shoot  development.  Buds 
in  these  isolated  regions  developed  shoots  even  more 
readily  than  buds  below  the  lower  ring,  at  which  point  any 
increased  influence  from  the  roots  below  or  any  increased 
supply  of  substances  from  the  roots  might  be  expected  to 
be  more  effective.  The  carbohydrate  supply  in  these 
isolated  defoliated  regions  was  exceptionally  low,  lower 
than  that  below  the  lower  ring.  These  parts  developed 
shoots  in  spite  of  their  difficulty  in  getting  water  in  compe- 
tition with  tissue  below  or  above  with  high  osmotic  con- 
centrations.    It  was  also  noticeable  that  apical  dominance 
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was  distinctly  less  marked  in  these  defoliated  regions.  In 
an  experiment  with  Ligustrum  similar  to  that  shown  in 
Fig.  1,  20  to  21  stems  were  treated  in  each  of  the  ways 
indicated.  Of  the  20  treated  as  in  No.  1,  4  developed 
strong  shoots  just  below  the  upper  ring,  with  no  shoots 
elsewhere.  Of  the  20  treated  as  in  No.  2  with  two  rings, 
12  developed  weak  shoots  at  the  node  below  the  upper 
ring,  5  developed  weak  shoots  immediately  above  the 
lower  ring,  and  4  developed  strong  shoots  below  the  lower 
ring.  Of  21  treated  as  in  No,  3,  none  developed  w^ithin 
the  defoliated  region,  and  5  developed  strong  shoots  at  the 
node  below  the  lower  ring.  It  seems  from  these  and  other 
observations  that  a  diminished  absolute  or  relative  amount 
of  carbohydrate  favors  shoot  growth  and  shoot  regener- 
ation, while  an  increased  absolute  or  relative  amount  of 
carbohydrate  favors  root  growth  and  root  regeneration. 

Although  regeneration  of  a  type  can  be  brought  about 
by  changing  the  composition  of  the  tissues,  it  can  be  more 
easily  brought  about  by  cutting  or  otherwise  inactivating 
the  solute-conducting  tissue.  That  the  interruption  of 
solute  distribution  alone  will  always  account  for  the  various 
responses  has  not,  however,  been  definitely  established,  and 
one  is  tempted  sometimes  to  appeal  to  the  possible  trans- 
mission of  a  stimulus  or  hormones  to  account  for  the 
behavior.  On  the  other  hand,  I  know  of  no  undoubted 
evidence  that  regeneration  in  plants  is  ever  controlled  by 
hormones  or  by  transmission  effects,  and  since  there  is 
abundant  evidence  that  cutting,  or  otherwise  inactivating 
the  phloem,  does  interfere  with  the  transport  of  nutritive 
materials,  I  rather  hesitate  at  accepting  the  hypothesis, 
more  easily  formulated  than  proved,  that  regeneration 
phenomena  are  controlled  by  hormones,  by  specific  growth 
substances  or  by  transmission  of  influences  of  one  sort  or 
another. 

42.  Relation  between  Solute  Distribution  and  Domi- 
nance.— Almost  inseparable  from  problems  of  regeneration 
are  problems  of  dominance.  No  simple  explanation  has 
been  offered  to  solve  the  problem  of  competition  between 
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similar  tissues.  It  is  difficult  to  see  how  solutes,  such  as 
nitrogen,  for  example,  may  be  moving  up  a  stem  to  a 
vigorous  growing  shoot  at  the  apex,  passing  along  the  way 
weak-growing  shoots  which  seem  to  be  suffering  from 
lack  of  nitrogen,  and,  although  nearer  the  source  of  supply 
than  are  the  apical  shoots,  yet  fail  to  obtain  adequate 
quantities.  Their  low  content  of  nitrogen  and  of  other 
solutes,  it  would  seem,  should  increase  their  ability  to 
obtain  these  solutes  when  in  competition  with  the  apical 
shoots  which  supposedly  have  higher  concentrations  of 
these  same  solutes.  That  is,  the  diffusion  gradient  to 
these  weak  side  shoots  must  be  steeper  than  to  the  vigorous 
apical  shoots,  yet  they  fail  to  get  the  materials.  A  similar 
anomalous  condition  may  be  made  out  for  the  roots  receiv- 
ing carbohydrates  from  the  leaves.  The  lateral  roots 
much  nearer  the  supply  may  suffer  for  lack  of  sugar  while 
roots  at  a  great  distance  are  receiving  large  supplies. 
Tensions  or  pressures  in  water  columns,  on  the  other  hand, 
may  be  transmitted  great  distances;  therefore  inability 
to  compete  for  water  may  be  more  easily  explained  on  the 
grounds  that  the  osmotic  concentration  of  the  side  shoots 
may  be  low  and  thus  make  them  incapable  of  competing 
with  the  other  tissues  for  water  (Chandler,  1914;  Curtis, 
1920a;  Fernald,  1925). 

There  is  evidence  of  a  similar  competition  between  fruits. 
For  example,  there  may  be  several  apples  on  a  single 
spur,  all  of  which,  when  the  terminal  blossom  is  removed, 
seem  to  be  uniformly  distributed  so  that  at  first  no  one 
fruit  seems  to  have  an  advantage  over  any  other,  either  as 
regards  location  on  the  spur,  distance  from  the  food  source, 
or  attachment  to  conducting  tissue.  Yet  if  one  flower  is 
well  pollinated  or  receives  pollen  which  tends  to  produce 
more  or  larger  seeds,  this  fruit  may  soon  become  successful 
in  receiving  the  major  part  of  the  foods,  and  the  others, 
which  without  the  competition  might  have  developed 
normally,  may  fail  to  receive  enough  food  to  allow  for 
growth  and  may  actually  die  or  be  cut  off  by  an  abscission 
layer  (Heinicke,  1917).     I  have  seen  no  adequate  explana- 
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tion  for  the  failure  to  obtain  food.  From  the  standpoint 
of  diffusion  gradients  or  turgor  gradients  one  would  expect 
solutes  to  move  more  readily  to  the  fruit  with  a  low  food 
content  and  not  to  the  one  that  already  has  a  higher  food 
content.  Eventually  the  conducting  tissues  leading  to  the 
successful  fruit  may  become  better  developed  than  those 
leading  to  the  unsuccessful  fruits,  but  this  difference  is 
probably  developed  after  growth  differences  have  taken 
place,  not  before,  and  is  not  in  this  sense  causal.  An 
indefinite  appeal  to  influences,  stimuli,  or  hormones  merely 
seems  to  beg  the  question. 

A  possible  explanation  which  seems  to  me  more  definite 
and  possible  of  experimental  test  may  be  based  on  the 
assumption  that  translocation  is  actually  carried  on  by  the 
streaming  protoplasm  within  the  conducting  cells.  Start- 
ing with  two  blossoms  with  equal  potentialities  if  one,  A, 
is  cross-pollinated  with  active  pollen  that  induces  the 
development  of  vigorous  seed,  while  the  other,  B,  is 
poUinated  with  ineffective  pollen,  then  the  more  effective 
pollen  will  probably  induce  higher  activity  in  the  gynaecium 
of  A.  White  (1907)  found  the  respiration  of  gynaecia  of 
11  different  species  of  plants  to  show  a  marked  increase 
4  to  5  days  after  pollination,  while  similar  flowers  not 
pollinated  showed  no  such  change.  In  one  instance  where 
abortive  pollen  was  used  there  was  no  increased  carbon 
dioxide  production  over  that  of  the  flowers  not  pollinated. 
One  might  expect  this  increased  activity  to  increase  the 
streaming  or  interfacial  activity  of  the  protoplasm  of  these 
tissues,  which  in  turn  would  hasten  the  movement  of 
foods.  It  is  very  possible  that  this  increased  activity  in 
protoplasmic  streaming  is  propagated  back  through  the 
conducting  tissues.  I  know  of  no  direct  evidence  to  this 
effect  and  this  is  a  weak  point  in  this  explanation,  but  it 
should  be  capable  of  verification  or  disproval.*     If  the 

*  Heilbrunn  (1928,  p.  295)  makes  the  following  statement  but  cites  no 
evidence:  "A  third  aspect  of  protoplasmic  activity  ...  is  the  fact  that 
whenever  protoplasm  is  made  active,  the  effect  tends  to  be  transmitted 
from  one  part  of  a  cell  to  another,  and  from  one  cell  to  another." 
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protoplasmic  streaming  of  the  tissues  leading  to  A  is  thus 
increased  while  that  of  the  tissues  leading  to  B  is  less 
active,  then,  other  things  being  equal,  solutes  should  be 
carried  faster  to  A,  thus  allowing  for  continued  greater 
activity  of  the  growing  tissue  of  the  fruit.  This  greater 
activity  would  allow  for  more  rapid  transfer  of  solutes 
though  the  concentration  of  solutes  at  this  receiving  tissue 
were  equal  to,  or  even  greater  than,  in  B.  Thus,  although 
there  may  be  actually  a  smaller  difference  in  concentration 
between  the  source  and  the  receiving  tissue  in  A  than 
between  the  source  and  that  in  B,  so  that  the  seeming 
diffusion  gradient  would  favor  B,  the  more  active  streaming 
in  the  conducting  cells  leading  to  A  would  tend  effectively 
to  reduce  the  distance  through  which  movement  is  limited 
to  diffusion,  or  would  tend  to  increase  the  steepness  of  the 
diffusion  gradient  by  more  quickly  carrying  the  solute 
from  one  end  of  the  cell  to  the  other.  Thus,  as  was 
explained  in  Sec.  33,  the  effective  diffusion  gradient  over  a 
distance  of  a  decimeter  may  be  steeper  than  over  a  distance 
of  a  centimeter  if  in  the  former  case  streaming  were  active 
in  the  conducting  cells  and  diffusion  limited  to  occasional 
cross  walls,  while  in  the  latter  case  movements  were 
limited  entirely  to  diffusion,  or  if  the  rate  of  streaming  was 
very  much  reduced.  The  mechanism  of  transport  pro- 
posed by  Miinch  would  not  explain  movement  into  A  but 
would  favor  movement  to  B. 

That  a  diffusion  gradient  alone  accompanied  by  proto- 
plasmic streaming  of  either  the  visible  sort  or  a  faster 
moving  interfacial  film  does  not  fully  account  for  transport 
into  organs,  such  as  these  hypothetical  fruits,  is  indicated 
by  the  fact  that  transport  from  the  fruits  that  fail  to 
receive  food  continues  to  take  place,  and  therefore  a  trans- 
location mechanism  must  still  be  active.  This  is  indicated 
by  the  observations  of  Howlett  (1926)  that  nitrogen  is 
removed  from  the  weaker  fruits  which  later  abscise. 
Schumacher's  (1931)  observations  on  transport  of  nitrogen 
from  darkened  leaves  is  a  comparable  case,  as  is  also  the 
emptying  of  leaves  before  leaf  fall  (Deleano  and  Andreesco, 
1932). 
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Maskell  and  Mason  (1930c)  have  approached  this 
problem  by  actually  determining  concentration  gradients 
between  the  bark  and  bolls,  some  of  which  were  fertilized 
and  others  not.  The  bolls  were  divided  into  two  samples, 
ovules  and  remaining  portion.  The  gains  over  a  7-day 
period  in  dry  weight,  water,  and  nitrogen  of  the  ovules 

Table  25. — Grams  Dry  Weight,  Nitrogen,  and  Water  per  100  Bolls 

{From  Maskell  and  Mason) 
Ovules 


Normal  group 

Day 

Water 

Dry  Weight 

Nitrogen 

0 

1.93 

0.559 

0.0318 

2 

3.11 

0.802 

0.0482 

4 

7.80 

1 .  627 

0.0900 

6 

21.78 

3.667 

0.1615 

1 

2.56 

0.702 

0.0430 

3 

4.76 

1.123 

0.0686 

5 

16.76 

2.866 

0.1414 

7 

43.60 

6.635 

0.2721 

Unfertilized  group 

0 

1.93 

0.559 

0.0318 

2 

2.93 

0.784 

0.0477 

4 

5.46 

1.176 

0.0707 

6 

11.27 

1.985 

0.1070 

1 

2.54 

0.695 

0.0432 

3 

4.71 

1.124 

0.0687 

5 

11.04 

1.977 

0 . 1066 

7 

22.84 

3.565 

0.1622 

are  presented  in  Table  25,  while  the  progressive  changes  in 
sugar  and  nitrogen  concentrations  are  shown  in  Fig.  13. 
From  these  data  it  is  clear  that  by  the  fourth  day  the 
fertilized  bolls  diverged  abruptly  from  the  unfertilized, 
showing  an  increased  rate  of  absorption  of  dry  matter, 
nitrogen,  and  water.  Up  to  the  seventh  day  the  sucrose 
gradient  from  bark  to  boll  remained  fairly  constant  for 
both  groups,  but  the  gain  in  carbohydrate  was  much  faster 
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3  5 

Days 

Fig.  13. — Change  in  sap  concentration  in  the  ovules  of  fertilized  and  unfertil- 
ized cotton  bolls.  Grams  of  sugar  and  milligrams  of  nitrogen  per  100  grm. 
water  in  ovules  of  normal  groups  (continuous  line) ,  and  unfertilized  group  (broken 
line).  The  average  concentration  in  the  bark  of  the  fruiting  branches  is  shown 
by  the  short  horizontal  Unes  on  the  left  of  the  graphs.  (From  Maskdl  and 
Mason.) 
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in  the  fertilized  group.  This  might  well  be  explained  on 
the  basis  of  increased  streaming  activity,  as  tentatively 
suggested  above.  The  backward  gradient  for  reducing 
sugars  was  greatly  steepened  in  the  fertilized  bolls  and  less 
so  in  the  unfertilized  bolls.  During  the  7-day  period 
the  unfertilized  bolls  gained  steadily,  but  to  a  smaller 
extent,  in  both  nitrogen  and  carbohydrates,  so  the  period 
of  removal  observed  by  Howie tt  (1926)  for  apples  had  not 
set  in.  If  the  unfertilized  bolls  later  lose  nitrogen,  this 
would  point  to  a  real  reversal  of  movement,  and  concen- 
tration gradient  studies  on  this  material  might  be  more 
valuable  than  those  in  which  actual  reversal  has  not  been 
demonstrated  (see  Sec.  35). 

It  may  be  that  the  ability  of  the  receiving  cells  to  remove 
a  given  solute  from  the  moving  stream,  thus  determining 
the  direction  of  the  gradient,  may  be  as  important  as 
maintaining  an  actively  moving  stream  between  the 
receiving  and  supplying  cells.  Phillis  and  Mason  (1933) 
give  clear  evidence  that  phloem  cells  can  remove  sugars 
from  living  cells  against  a  concentration  gradient.  If  they 
can  do  this,  it  is  obvious  that  the  relative  abilities  of  the 
receiving  and  supplying  cells  may  be  of  greater  significance 
in  controlling  direction  of  movement  than  actual  con- 
centration gradients.  The  seeming  demand  of  the  proto- 
plasmic streaming  hypothesis  for  a  positive  concentration 
gradient  may  therefore  be  eliminated.  If  sugars  are 
carried  in  an  interfacial  film  and  the  movement  of  this  film 
is  unidirectional  in  sieve  tubes  (see  Sec.  36),  the  direction 
would  be  controlled  by  the  direction  of  film  spread  and 
not  by  a  concentration  gradient.  Van  den  Honert  (1932), 
however,  assumed  that  the  direction  of  film  spread  is 
controlled  by  the  sugar  gradient  itself.  The  demand  of 
the  Miinch  hypothesis  for  an  osmotic  gradient  is  not 
fulfilled  in  the  case  of  transport  from  fruit  or  leaves  that 
are  about  to  abscise. 

On  the  assumption  that  rapid  translocation  is  brought 
about  by  streaming  movements  in  living  cells  and  that  the 
activity  of  cells  in  a  given  tissue  may  induce  increased 
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streaming  in  cells  leading  backward  or  forward  to  possible 
sources  of  supply,  one  can  readily  formulate  a  hypothetical 
scheme  that  seems  to  offer  a  fairly  simple  basis  for  partly 
explaining  phenomena  of  dominance  and  regeneration. 
If,  for  example,  the  chain  of  active  cells  leading  to  a 
dominant  shoot  is  severed,  then  other  growing  points  are 
no  longer  in  competition  with  the  dominant  shoot.  The 
materials  moving  to  the  dominant  region  are  stopped  in 
their  movement  and  accumulate  in  sufficient  quantity  to 
initiate  the  activity  of  one  or  more  other  growing  points 
and  again  one  of  these,  becoming  for  one  reason  or  another 
slightly  more  active  than  its  competitors,  soon  gains  the 
dominance. 

On  the  same  assumption,  one  might  explain  an  increased 
activity  of  two  complementary  tissues  such  as  root  and 
shoot.  If  a  given  shoot  gains  supremacy  and  is  drawing 
upon  the  major  part  of  the  supply  of  soil  nutrients  through 
increased  protoplasmic  streaming  in  the  connecting  phloem 
cells,  this  same  increased  activity  should  not  only  favor 
the  movement  of  solutes  to  this  particular  shoot  but  should 
also  favor  the  transfer  of  carbohydrate  from  the  leaves  of 
that  shoot  to  the  roots.  Those  particular  roots,  therefore, 
that  are  perhaps  in  a  rich  pocket  in  the  soil  not  only  would 
favor  the  growth  of  the  particular  shoots  with  which  they 
are  connected  but  should  also  in  turn  be  favored  them- 
selves, for  the  quickened  activity  of  the  conducting  cells 
should  carry  the  solutes  to  the  tops  faster,  and  should  also 
return  more  rapidly  the  carbohydrates  which  favor  root 
growth. 

Loeb  (1915)  observed  that,  if  any  part  of  the  root  of  a 
Bryophyllum  plant  was  in  water,  root  development  of  all 
other  parts  ceased,  whereas  if  the  entire  plant  was  sus- 
pended in  moist  air,  roots  would  develop  at  many  points. 
He  explained  this  lack  of  widespread  root  development  as 
due  to  an  inhibiting  effect  of  root  pressure  developed  by 
the  roots  in  water.  The  same  explanation  had  also  been 
given  by  others.  A  better  explanation  would  seem  to  be 
that  when  one  set  of  roots  touches  water,  their  growth 
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would  be  favored  by  an  adequate  water  supply.  They 
could  therefore  use  carbohydrates  faster,  which  would 
steepen  the  gradient  leading  to  them,  and  their  increased 
activity  might  also  favor  more  rapid  streaming  in  the 
connecting  phloem  tissues.  A  similar  explanation  would 
apply  to  many  other  instances  given  by  Loeb  and  others, 
where  one  active  tissue  becomes  and  remains  dominant 
over  others. 

This  hypothesis  might  also  well  explain  the  seeming 
conflict  between  the  two  concepts  that  solutes  move  to  a 
tissue  because  it  grows  and  that  a  tissue  grows  because 
solutes  move  to  it.  Any  treatment  that  starts  the  activity 
of  a  group  of  cells,  as  in  a  shoot  or  root  meristem  or  in  a 
fruit  or  storage  tissue,  may  establish  a  diffusion  gradient 
leading  to  these  cells  and  also  initiate  the  streaming 
activity  of  the  conducting  cells  leading  to  this  particular 
region,  thus  establishing  an  active  conducting  system  con- 
necting the  meristem  or  storage  tissue  with  a  supply  of 
necessary  solutes.  The  supply  of  these  solutes  to  the 
particular  tissue  enables  it  to  continue  its  activity  and 
thus  also  to  continue  its  connection  with  the  source  of 
supply.  The  solutes,  therefore,  move  to  this  tissue  because 
the  tissue  is  active,  and  the  tissue  may  remain  active 
because  foods  are  moving  to  it.  The  original  activity 
may  be  initiated  either  by  a  greater  supply  of  foods  or 
other  solutes  or  by  any  one  or  more  of  various  other 
agents.  The  increased  nitrogen  absorption  as  well  as  the 
increased  photosynthetic  activity  in  plants  sprayed  with 
bordeaux,  as  reported  by  Mader  (1934)  and  others,  may 
be  in  part  due  to  an  effect  of  copper  increasing  the  effec- 
tiveness of  the  translocation  mechanism.  This  agrees 
nicely  with  the  streaming  hypothesis,  for  it  is  well  known 
that  traces  of  copper  are  highly  effective  in  inducing  or  in 
hastening  protoplasmic  streaming. 

The  mechanism  of  food  movement  as  proposed  by  Miinch 
(1930)  can  also  be  adapted,  as  he  suggests,  to  account  for 
dominance.  According  to  his  hypothesis  a  receiving  cell 
can  cause  materials  to  flow  to  it  by  keeping  a  low  osmotic 
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concentration  and  low  turgor  pressure.  Those  meri- 
stematic  cells  which  are  more  active  in  removing  solutes 
by  respiration  or  by  deposition  as  osmotically  inactive 
protoplasm  or  as  cell  wall  material,  will  tend  to  bring 
more  solutes  to  themselves  than  will  less  active  cells  which 
may  receive  nothing  if  their  turgor  remains  high.  Storage 
cells  which  can  remove  osmotically  active  sugar,  by 
deposition  of  starch,  for  example,  will  continue  to  receive 
a  supply  from  the  phloem  so  long  as  they  are  able  to 
maintain  a  relatively  low  turgor  pressure.  Theoretically 
the  mechanism  seems  well  adapted  to  account  for  directive 
flow  to  tissues  capable  of  removing  solutes.  The  main 
obstacle  to  this  interpretation,  however,  is  the  fact  that 
the  receiving  cell  frequently  has  a  higher  osmotic  concen- 
tration or  a  high  turgor,  or  both  than  the  supplying  cells 
(see  3a  of  Sec.  30).  A  directive  flow  of  specific  substances 
also  cannot  be  accounted  for  either  according  to  the  Miinch 
hypothesis  or  by  the  modification  suggested  by  Crafts. 
Other  weaknesses  of  the  proposed  mechanism  have  already 
been  discussed  in  Sec.  30. 

That  distribution  of  materials,  whether  brought  about 
by  diffusion,  by  protoplasmic  streaming,  by  spread  in  an 
interfacial  film,  or  by  pressure  gradients,  may  be  a  factor 
in  phenomena  of  dominance  and  regeneration  is  probable, 
but  it  also  seems  probable  that  it  is  perhaps  only  one  of 
several  factors.  For  example,  the  effect  of  gravity  on  the 
distribution  of  materials  and  on  dominance  is  not  easily 
explainable  on  the  basis  of  rate  or  direction  of  movement 
as  influenced  by  diffusion  gradients,  rates  of  streaming,  or 
pressure  gradients  alone. 

Reed  and  Halma  (1919a)  have  reported  a  marked 
influence  of  gravity  on  dominance  of  buds  on  stems  of  the 
Chinese  lemon.  In  horizontal  stems  apical  dominance 
was  greatly  reduced  and  buds  along  the  upper  side  of  the 
stem  developed  shoots.  If  the  stem  were  then  turned 
over  inverting  the  sprouts,  these  ceased  growing  and  died 
as  shoots  from  buds  on  the  upper  side  replaced  them. 
This  may  be  partly  explained  on  the  basis  that  gravity 
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influenced  the  activity  of  the  meristematic  cells  which,  in 
turn,  influences  the  diffusion  gradient  and  perhaps  also 
the  activity  of  the  streaming  protoplasm  which  connects 
the  receiving  cells  with  the  source  of  supply.  Effects  of 
gravity  seemingly  less  related  to  a  gradient  have  been 
reported  by  Loeb  (1920)  who  has  given  evidence  showing 
that  if  isolated  leaves  of  Bryophyllum  are  suspended  ver- 
tically in  a  moist  chamber,  certain  materials,  w^hich  he 
calls  ''sap,"  tend  to  accumulate  on  the  lower  side.  This  is 
indicated  by  greater  dry  weight,  greater  pigment  formation, 
and  greater  development  of  plantlets  on  this  lower  side. 
The  pigment  would  point  to  greater  sugar  accumulation. 
Inadequate  data  obtained  by  MacDaniels  and  myself 
indicate  that  the  upper  sides  of  horizontal  branches  have 
relatively  high  nitrogen  contents  while  the  lower  sides 
have  higher  carbohydrate  concentrations  (see  MacDaniels, 
1923).  It  is  true,  however,  that  mass  analyses  for  total 
carbohydrates  or  total  nitrogen  are  of  little  use  in  indicating 
diffusion  gradients.  This  is  well  indicated  by  the  observa- 
tions of  Mason  and  Maskell  (19286)  that  the  diffusion 
gradient  of  sucrose  in  the  cotton  plant  is  toward  the  boll, 
whereas  that  of  glucose  is  away  from  the  boll. 

That  something  other  than  food  supply  and  initial 
activity  influences  meristematic  activity  or  food  movement 
is  clearly  indicated  by  the  cambial  activity  of  woody  stems. 
It  has  been  widely  observed  since  very  early  investigations 
of  ringed  stems  that  diameter  growth  above  a  ring,  if 
leaves  are  present  above,  is  likely  to  become  excessive, 
whereas  cambial  growth  below  a  ring  is  greatly  diminished. 
This  decrease  immediately  below  a  ring  may  be  marked 
even  if  there  are  leaves  or  side  branches  nearby  from  which 
a  fairly  adequate  food  supply  would  seem  available.  In 
fact,  sufficient  food  may  move  into  this  region  below  a 
ring  to  allow  for  considerable  starch  deposition  or  con- 
siderable starch  and  sugar  may  already  be  present,  as 
observed  by  Proebsting  (1925),  and  yet  cambial  growth 
may  be  very  weak.  Some  attribute  the  lack  of  cambial 
activity  below  a  ring  or  on  a  defoliated  branch  to  the  lack 
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of  some  stimulus  or  a  specific  hormone.  There  seems  to  be 
a  quantitative  relation,  however,  between  leaf  area  and 
growth,  so  it  would  seem  to  be  more  controlled  by  food 
supply  unless  there  is  also  a  quantitative  response  to  a 
hormone  for  which  there  is  evidence. 

It  has  also  been  demonstrated  (Munch,  1930;  Curtis, 
1920a;  Haller,  1931)  that  fruits  on  a  completely  defoliated 
shoot  may  grow  at  approximately  normal  rates,  which 
proves  that  food  is  carried  through  these  stems,  and  yet 
cambial  growth  may  come  to  a  standstill.  Possibly  the 
movement  of  the  substance  necessary  for  cambial  growth 
is  strictly  polar. 

As  pointed  out  by  MacDaniels  and  Curtis  (1930),  both 
cambial  development  itself  and  also  orientation  of  the 
cells  seem  to  be  determined  or  at  least  influenced  either 
by  lines  of  movement  of  necessary  solutes,  carbohydrates 
from  above  and  nitrogen  from  below,  or  by  some  sort  of 
electrical  gradient  through  the  phloem  or  cambium.  Lund 
(1931)  has  given  evidence  that  there  is  such  a  gradient 
in  stems  and  that  ringing  between  two  contacts  alters  the 
electromotive  force  between  the  contacts.  It  is  conceiv- 
able that  polarity  and  dominance  may  be  partly  under 
the  control  of  such  gradients.  The  ringing  of  a  stem  by 
interrupting  such  a  system  may  interrupt  both  the  trans- 
port of  materials  through  the  conducting  tract  as  well  as 
the  continuity  of  a  system  showing  electrical  polarity. 
That  a  cambium  to  become  active  merely  needs  to  lie 
within  such  a  gradient  and  parallel  to  it  is  not  adequate, 
for  if  leaves  are  not  allowed  to  develop  on  a  defoliated 
shoot,  the  gradient  may  be  still  present  and  yet  cambial 
activity  ceases.  It  would  seem,  therefore,  that  mature 
leaves  favor  cambial  growth  partly  by  supplying  carbo- 
hydrates and  possibly  partly  by  producing  some  other 
specific  substance  which  shows  a  polar  movement. 

There  seems  to  be  a  common  tendency  to  explain  these 
at  present  obscure  phenomena  as  controlled  by  hormones, 
and  often  a  special  hormone  is  assumed  for  each  obscure 
point.     The  evidence  seems  conclusive  that  a  hormone  is 
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concerned  in  the  growth  of  Avena  coleoptiles,  that  this  is 
widespread  in  nature  and  may  be  concerned  in  the  growth 
of  many  cells  other  than  those  of  the  coleoptile  test  material 
used.  But  it  seems  to  me  that  the  evidence  is  far  from 
conclusive  that  there  is  a  specific  hormone  for  growth  of  a 
shoot  apex,  another  for  cambium,  another  for  roots,  and 
others  acting  as  inhibitors.  By  some  it  is  claimed  that 
special  hormones  move  chiefly  through  the  xylem,  while 
many  claim  others  move  exclusively  through  the  phloem. 
It  is  true  that  lack  of  conclusive  evidence  for  such  hormones 
does  not  prove  their  absence,  but  it  seems  there  is  danger 
of  depending  too  much  upon  special  hormones  to  account 
for  phenomena  that  are  not  otherwise  easily  explained. 

SUMMARY 

40.  It  has  long  been  recognized  that  ringing  is  likely  to  alter  the  compo- 
sition and  amount  of  growth  of  the  tissues  both  above  and  below  the  ring. 
If  many  leaves  are  present  above,  carbohydrates  accumulate  in  this  part 
and  there  is  an  increased  diameter  growth  of  stems  and  increased  growth 
and  sugar  content  of  fruits.  A  decreased  sugar  content  and  cessation  of 
diameter  growth  in  stems  below  rings  has  often  been  explained  as  due  to  a 
diminished  carbohydrate  supply,  as  has  also  the  cessation  of  root  growth 
as  well  as  that  of  subterranean  storage  organs.  Though  diminished  shoot 
elongation  above  rings  and  increased  shoot  development  below  rings  may  be 
due  to  altered  distribution  of  carbohydrates  and  mineral  elements,  espe- 
cially nitrogen,  this  behavior  is  usually  explained  on  other  grounds. 

41.  Attempts  to  explain  formation  of  roots  above  rings  and  the  develop- 
ment of  dormant  or  adventitious  buds  below  rings  seem  more  commonly 
to  be  based  on  an  assumed  change  in  the  distribution  of  special  hormones,  or 
inhibitors,  or  an  interruption  in  the  transmission  of  some  influence.  Evi- 
dence from  several  sources  indicates  that  an  increased  supply  of  carbo- 
hydrate relative  to  that  of  nitrogen  tends  to  reduce  shoot  elongation  and 
favors  root  formation  and  growth,  whereas  an  increased  supply  of  nitrogen, 
especially  an  increase  relative  to  carbohydrate,  tends  to  favor  shoot  elonga- 
tion or  formation  from  dormant  or  adventitious  buds.  Effects  of  ringing 
on  these  regeneration  and  growth  phenomena  may  be  explained  on  the  same 
basis,  although  it  is  also  possible  that  the  regeneration  phenomena  are  con- 
trolled by  hormones  or  stimuli  that  are  transported  or  transmitted  through 
the  phloem.     Conclusive  evidence  on  these  points  seems  lacking. 

42.  No  satisfactory  explanation  has  been  given  to  account  for  the  receipt 
of  solutes,  such  as  sugars  and  nitrogen,  by  dominant  tissues  when  in  compe- 
tition with  suppressed  tissues,  especially  when  the  latter  may  have  a  lower 
concentration  of  the  particular  material  moving  and  may  also  be  nearer 
the  supply.  From  the  standpoint  of  diffusion  gradients  alone  one  would 
expect  the  weaker  fruit  or  bud,  or  other  growing  part,  to  receive  the  material 
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more  rapidly.  It  is  conceivable,  however,  that  within  the  phloem  tissues 
leading  to  a  dominant  part,  such  as  a  pollinated  fruit,  there  may  be  more 
active  protoplasmic  streaming  than  in  those  leading  to  the  suppressed 
part,  such  as  fruit  that  has  not  been  pollinated.  Therefore,  although  the 
actual  gradient  may  lead  to  the  suppressed  fruit,  the  higher  activity  within 
the  conducting  tissues  leading  to  the  other  may  in  effect  bring  about  a 
steeper  gradient  to  the  dominant  fruit.  It  is  also  possible  that  the  dominant 
part  may  be  more  effective  in  removing  the  material  from  the  transporting 
tissue.  Data  on  gradients  leading  to  fertilized  and  unfertilized  cotton  bolls 
show  no  difference  in  gradient  but  a  marked  difference  in  rate  of  receipt. 
This  would  indicate  a  more  effective  transport  system.  The  reverse  gradi- 
ent for  reducing  sugars  is  greater  in  the  fertilized  bolls,  which  indicates 
that  they  have  a  greater  ability  to  accumulate  sugars.  A  transport  mechan- 
ism of  the  sort  proposed  by  Miinch  can  theoretically  be  adapted  to  account 
for  many  phenomena  of  dominance,  regeneration,  and  growth  correlation, 
but  much  of  the  available  evidence  points  to  an  active  movement  in  a  direc- 
tion the  reverse  of  that  required  by  the  theory.  There  are  also  several  other 
weaknesses  in  the  hypothesis.  A  transport  mechanism  based  on  diffusion 
and  streaming  protoplasm  seems  well  adapted  to  account  in  part  for  domi- 
nance of  one  part  over  another,  for  observed  phenomena  of  regeneration  and 
growth  correlation  as  well  as  for  other  phenomena  of  behavior. 

There  are  some  phenomena  bearing  on  food  movement  and  utilization, 
however,  such  as  the  influence  of  gravity,  which  though  not  definitely  in 
opposition  to  any  theory  of  transport,  yet  are  not  easily  explained  by  any 
of  the  theories.  That  some  substance  or  condition  other  than  supply  of 
carbohydrate  and  mineral  elements  is  involved  in  growth  and  regeneration 
phenomena  is  demonstrated  especially  by  the  unexplained  behavior  of 
cambial  growth.  Some  of  the  growth  responses  following  ringing  are 
undoubtedly  due  to  an  interruption  of  the  transport  of  foods  and  mineral 
elements.  It  is  also  possible,  though  it  seems  not  conclusively  established, 
that  some  responses  may  result  from  an  interruption  of  the  transport  of 
specific  substances  of  the  nature  of  hormones.  There  is  also  evidence  that 
such  cutting  may  alter  normal  electrical  gradients  and  it  may  influence 
the  transmission  of  stimuli. 
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Abnormal  movements  (possibly),  of 
fluorescein  in  phloem,  208,  209 
of  phloem   contents   as   result   of 
cutting,    104,    112,    134,    135, 
138,  139,  147,  161,  162,  169, 
170,  172,  178,  217,  218 
of  solutions  in  xylem,  as  result  of 
cutting  or  injection,  104,  105, 
109-112,  208,  209 
of  starvation,  52,  62-64,  81-86, 
123,  124,  200 
((See  also  Exudation) 
Abnormal     permeability     of     sieve 

tubes  as  result  of  cutting,  169 
Abnormal  size  of  sieve  tubes  and 

pores,  135,  170,  172,  180,  181 
Abscission,  removal  or  export  pre- 
vious to,  158,  211,  218,  220-222, 
242 
{See  also  Loss) 
Absorption,    against     concentration 
gradient,    150,    166,    170,    171. 
176,  196-198,  245 
by  dead  roots,  77,  78,  84 
retention    or    loss    of    solutes    as 
influenced    by    aeration,    21, 
140 
by  carbohydrate  supply,  50,  52, 
61-64,  70,  78,  81,  82,  84,  86, 
123,  200 
by  kind  of  ion,  80 
by  light,  70,  73,  82 
by  rains,  49 
by  temperature,  119 
special  conditions  influencing,  77- 

86 
transpiration,  influence  on,  70-77 
Accumulation,     capacity    of    living 
cells,  79,  150 


Accumulation,    of   fluorescein,    204 
208 
of  ions  or  salts,  70,  73,  79 
of  nitrogen,  78,  79,  150 
above  rings,  52,  54,  55,  57,  60,  61, 

63,  70,  86 
of  sugars,  100,  118,  119,  166,  170, 
171,  196-198,  205,  245 
Adsorption   and   solute   movement, 

142,  143 
Aeration  and  filling  or  emptying  of 

storage  tissues,  21,  140 
Anesthetics,  effect  on  translocation, 
162,  222 
of  fluorescein,  206 
Ash,  absorption  by  dead  roots,  78 
accumulation  above  rings,  54,  57, 

60,  63 
content     as    influenced    by    hot 

winds,  76 
diurnal  variation,  61,  70 
effect  of  ringing  on,  47-64,  130 
removal    before    abscission,    158, 

221,  222 
tissues  concerned  in  transport,  9, 
55-57,  60,  70-86 
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Bark,  7,  201 

separation   into    layers,    192-194, 
196 
(See  also  Phloem) 
Behavior,  as  influenced  by  transloca- 
tion, 1-3,  7,  13,  235-237 
nitrogen,  effect  on,  236 
ringing,  effect  on,  235,  236 
(See  also  Growth;  Hormones) 
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Cambiform  cells,  205 
Cambium,    continuity   and   growth, 
41 
exudation     (or    secretion)     from, 

148,  169,  172 
growth  of  and  food  supply,  249, 

250 
protoplasmic  streaming  in,  42 
translocation  by,  41,  42 
Carbohydrate,  amounts  carried,  92- 
96,  112,  136,  178,  181,  217 
contents     of     shoots     ringed     vs. 

xylem  cut,  40 
cross  transfer  of,  58 
direction  of  movement,  188-202, 

209,  211-214,  217 
diurnal  changes,  189,  196 
diurnal  transport,  156 
effect  on  ash  or  nitrogen  absorp- 
tion   or    retention,     50,     52, 
61-64,  70,  81,  82,  84,  86,  123, 
200 
effect  on  growth,  40,  41,  235-238 
effect  on  regeneration,  238,  239 
forms  of  transport,  187-202 
gradients,  188-198,  218,  243-245 
removal,  from  leaves  as  influenced 
by  number  of  leaves,  61 
of  stored,  conditions  affecting, 
16,  20-21 
soluble,  found  in  xylem,  5,  6,  9, 
12,  80,  94,  101,  105,  116-124 
transport,  assumed  in  xylem,  5,  6, 
34,  36 
Companion  cells,   9,    138,    187,    197 
204,  219 
and    accumulation    against    gra- 
dient, 197,  204 
protoplasmic    streaming   in,    139, 
181 
Competition    between    tissues,    for 
solutes,  239-248 
for  water,   27-30,  40,   54,    111, 
238,  240 
Composition    changes,    diurnal,    55, 
61,  64-70,  82,  189 


Composition    changes,    methods   of 
determining,  63-67,  76,  77,  221, 
224 
methods  of  expressing,  49,  50,  74, 

76,  189-191 
seasonal,  189,  221 

{See  also  Phloem  exudate;  Sap; 
Xylem  exudate) 
Crafts     pressure     flow    hypothesis, 
164-166,  186,  216,  227,  228 
advantages,  166,  171 
weaknesses,    166-174,     178,    219, 
248 
Criteria  of  transport,  44,  109-131 

(*S'ee  also  Methods) 
Cross     transfer     of     carbohydrates, 
nitrogen,  and  water,  58 


D 


Diffusion,  along  walls,  172,  174 
distances  involved,  175-177,  185 
effect  of  adsorption  on,  142 
gradient,  144,  175,  177,  187-202, 
240-242 
and  rate  of  movement,  194,  215 
inadequacy  of,  137,  174 
and  movement  of  hormone,  215 
through  parenchyma,  88,  136 
through    phloem,    136-138,     189, 

222 
through  plasmodesma,  76 
and  salt  absorption,  71 
over  short  distances,  175 
Directive     movement     of     specific 
substances,  158,  159,  177,  195, 
248 
Distribution  of  solutes  within  cell, 
unequal,  195,  196,  203,  209,  210, 
213,  216,  218 
Diurnal  absorption  of  nitrogen,  70, 
82 
composition  changes,  55,  61,  64— 

70,  82,  189,  196 
transport,  of  nitrogen  or  ash,  55, 
61,  64-70 
of  sugar,  156 
Dominance,    as   controlled   through 
protoplasmic  streaming,  245 
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Dominance,  and  hormones,  219 
as  influenced  by  gravity,  248 
and  solute  distribution,  158,  159, 
238-251 


E 


Electrical  charge,  on  hormone,  214, 
216,  219 
on  virus,  213,  218 
Elongation  as  a  measure  of  trans- 
location, 13,  26,  27,  38-41,  44 
Eosin,  effect  on  sieve  tubes,  226 
use  in  translocation  studies,  92,  97, 
104,  112-115 
Exudation,  from  cambium,  148,  169, 
172 
from  latex  system,  227 
from  phloem,  135,  136,  147,  169, 
170,  180,  186 
direction  of,  147,  186 
distance  moving,  135,  139,  147 
effect  of  chilling  on,  162 
rate  of,  162,  164,  165 
probably  abnormal,  169,  170,  172, 

178,  186 
from  xylem,  5,  6,  80n.,  117-124 
from  young  tissues,  169,  172 


F 


Fluorescein,  amounts  carried,  112 
carried  by  living  cells,  227 
direction  of  movement,  187,  205, 

206,  208,  209,  213,  219 
in  phloem  exudate,  180 

rate  of  movement,  183,  186,  204, 

207,  217 

transport  of,   204-211,   213,   217, 
219,  222,  227 

independent    of    carbohj'drate, 
206,  211,  213 

as   indicator   of  normal   trans- 
port, 208 

influence,     of    anesthetics    on, 
206,  222 
of  light  on,  206 
of  temperature  on,  206 
of  wilting  on,  206 


Fruits,    competition  between,    240- 
245 
movement  of  solutes  to,  9,  33-36, 

152,  250 
nitrogen  movement  from,  242 
nitrogen  movement  into,  243,  244 
transport  to,  in  darkness,  35,  36 


G 


Gradient,    absorption    against,    150, 
166,  170,  171,  176,  196-198,  245 
carbohydrate,  188-198,  218,  243- 
245 
hexose,  189,  190,  195 
sucrose,  187,  189,  190,  195,  196 
concentration  or  diffusion,  70,  144, 
152,   175,   177,  187-203,  240- 
243,  245,  247 
and  rate  of  movement,  194,  215 
electrical,  187,  214,  216,  250 
fluorescein  in  phloem,  205 
nitrogen,  70,  192-194,  199-202 
osmotic,    direction    of,     152-159, 
166,  189,  219,  245,  248 
steepness  of,  150-159,  242,  245, 
247 
pressure,  146,  150-160,  166,   172, 

177,  209 
reversal  between  mesophyll  and 
veins,  196 
Gravity  and  distribution  of  solutes, 

248,  249 
Growth,  as  controlled,  by  hormones, 
130,  219 
by  translocation,  2,  3,  7,  8,  13, 
26,  27,  33-35,  40,   131,  235- 
237,  247 
as    influenced    by    continuity    of 

cambium,  41 
as  a  measure  of  translocation,  13, 
26-29,  34,  35,  38-41,  44,  47 
Growth  substance  (see  Hormones) 
Guttation,  7&-80w.,  121,  122,  148 


H 


Hexose,  fluctuations  in,  189,  196 
gradient,  189,  190,  195 
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Hexose,  radial  distribution  of,  192- 
194 
as  storage  sugar,  192,  195 
as  transport  sugar,  188,  189 
Hormones,  controlling  translocation, 
106,  130,  131,  241 
direction  of  movement,  187,  213- 

215 
and  growth  responses,    130,   219, 

223,  237-239,  241,  250,  251 
method  of  transport,  187,  214-217 
rate  of  transport,  215-217 
transport,      through      companion 
cells,  187 
independent     of     protoplasmic 

streaming,  215,  216 
through  parenchyma,  187,  216 
through  phloem,  99,   100,   131, 

187,  214,  219,  251 
a  vital  process,  215 
through  xylem,  97,  98,  100,  251 
Hypotheses    of    transport    through 
phloem      {see     Mechanism     of 
transport  through  phloem) 


Injection,  into  phloem,  111,  112,  218 
and  transport  through  xylem,   5, 
101,  104,  105 


Klling,  effect  on  absorption  or 
translocation,  77,  78,  82,  84. 
88,  113,  221,  222 


Latex  system,  134,  147 

effect   of  temperature   on   exuda- 
tion from,  226 
and  translocation,  42 
Leakage,  of  nitrogen  and  salts  into 
xylem,    52,    62-64,    78,    81-86, 
123,  124,  200 
from  phloem,  170,  171,  174,  227 
of  sugar  into  xylem,  118,  119 
(See  also  Exudation) 


Lithium,  in  translocation  studies,  80, 

88-94,  113-115,  185 
Living     cells,     and     absorption     of 
fluorescein,  204,  217,  227 
and  transport,  78,  79,  88,  138,  178, 
220-228 
of  growth  substances,  215,  216 
of  viruses,  210 
Loss   of  nitrogen  etc.  from  tissues, 
before  abscission,  158,  218,  220- 
222,  242 
as  influenced,  by  age,  62,  63 
by    carbohydrate    content,    52, 

62-64,  81,  82,  123 
by  light,  44,  62,  70,  73,  206,  211 
by  rains,  49 
by  ringing  (see  Trapping) 

{See   also   Absorption,    reten- 
tion or  loss) 


M 


Mechanism    of    transport    through 
phloem,  9,  56,  133-228 
adsorption   hypothesis   of    Mang- 

ham,  142,  143 
different  for  different  substances, 

209,  210,  228 
inadequacy  of  suggested,  178 
pressure  flow  hypothesis,  of  Crafts, 
164-166 
{See  also  Crafts) 
of  Munch,  143-146 
{See  also  Munch) 
protoplasmic   streaming  and   dif- 
fusion hypothesis,  174-178 
(See  also  Protoplasmic  stream- 
ing and  diffusion) 
surface  film  hypothesis  of  Van  den 
Honert,    143,    202-204,    208, 
209,  222,  228 
Methods,   of  determining   composi- 
tion changes  {see  Composition 
changes) 
tissues  of  transport,  4,  5,  8,  44, 
109-131 
of    movement    through    phloem, 
133-238 
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Methods,     of     movement     through 
phloem,    and    interpretation   of 
growth  responses,  227 
of  obtaining  sap  from  xylem,  99, 

102,  103,  119-122 
of  protecting  ring  wounds,  25,  37, 

126,  128 
of  studying  translocation,  4,  5,  8, 
22,  44,  109-131,  208,  213,  214 
of  supplying  water  to  stems  with 
xylem  cut,  36,  37 
{See  also  Ringing;  Xylem  cut- 
ting experiments) 
Miinch    pressure    flow    hypothesis, 
136-149,    170,    187,    189,    201, 
208,  214,  218,  219,  227 
advantages  of,  147-149,  228,  247, 

248 
weaknesses  of,  149-164,  172,  178, 
219,  242,  245,  248 


N 


Nitrogen,  removal,  from  fruits,  242 
from  leaves,  44,   55,   211,   220, 
221,  242 
(See  also  Loss) 
transport,    effect    of    ringing    on, 
47-64 
restricted  to  xylem,    140,    149, 

199,  201 
in    xylem,    51,    52,    56,    58-64, 
77-86,  149,  150,  200 


O 


Osmotic  competition  for  water, 
27-30,  40,  54,  111,  238,  240 

Osmotic  concentration  of  phloem 
exudate,  180 

Osmotic  gradients,  150-159,  189,  219 

Osmotic  mechanism  of  solute  trans- 
port (see  Crafts  and  Miinch 
pressure  flow  hypotheses) 


Nitrogen,  absorption  by  dead  roots, 
78,  84 
accumulation  above  rings,  52,  54, 

55,  57-61,  63,  86 
content,     influenced     by     carbo- 
hydrate,  50,   52,   62,   63,  81. 

82,  123 
(See  also  Carbohydrate) 
cross  transfer  of,  58 
direction  of  movement.  199-202 
diurnal  changes  in,  55,  61,  64-70, 

82 
effect  on  regeneration,  238 
form  of  transport,  60,  81,  19^201 
gradients,  70,  192-194,.  199-202 
loss  from  tissue  (see  Loss) 
movement,  into  developing  fruits, 

242,  244 
into  and  out  of  tissues,  52,  54, 

55,  61,  221 
organic,   in  transpiration  stream, 

60,  150,  200 
radial  distribution  of,  193,  194 
redistribution  between  tissues,  62, 

63 


Parenchyma,  transport  in,  136,  187, 

204,  217 
Permeability,  affecting  entrance  into 
the  xylem,  80,  99,  106,  113,  119 
of  cell   membrane,    139-141,    143, 

145,  147,  173,  195 
of  sieve-tube  protoplasm,  166,  168, 
170,  171 
evidence  for,  168 
Phloem,  adequacy  or  inadequacy  of, 
10,  43,  56,  92-96,  104,  105,  124, 
130,  178-181 
bidirectional  movement  in,  10,  56, 
57,   124,   149,   176,   177,    186, 
210,  219,  220 
content,  8,  133-136,  164,  180,  181 
direction  of  movement  in,  9,   10, 
35,  56,  57,  88,  138,  139,  143, 
149,  176,  186,  187,  200,  201, 
205-214,  218-220,  237,  245 
directive  transport  through,  158, 

159,  177,  195,  219,  248 
exudate.  135,  164,  181 
coagulation  of,  161,  162 
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Phloem,  exudate,  concentration  of, 
161,  164,  180,  181 
volume  of,  135 
exudation  from  {see  Exudation) 
injection  into,  104,  109-112,  133- 

136 
internal,  8,  100,  235 
method  of  transport  in,  133-228 
{See  also  Mechanism  of  trans- 
port) 
pecularities  of,  133-136 
polar  movement  in,  198,  206,  213- 

215,  217 
pressures  in,  134,  161,  180 
rates  of  transport  through,  88,  90, 
92,  94-96,  136,  168,  178,  181, 
194,  195,  217,  218 
transmission  through,    223,    237- 

239 
unidirectional  movement   in,    57, 
136,  138,  139,  143,  149,  170, 
186,  200,  210,  218-220,  245 
water  movement  in,  90 
Pith,  translocation  by,  7 
Plasmodesma,   distribution  of,    141, 
205 
movement  through,  139-142,  145, 

170,  172,  184 
and  movement  of  hormones,  216 
movement  of  protoplasm  through, 

139,  141,  142,  163,  183,  218 
nature  of,  184 
and  passage  of  viruses,  184 
and  permeability  to  solutes,  139, 

141,  145,  147,  173,  195 
pressures  necessary  to  cause  flow 

through,  150,  183 
and  transport  of  fluorescein,  205 
Plugging,  of  sieve  tubes,   161,   162, 
178,  226 
of  xylem,  as  result  of  ringing,  27, 
36,  43,  53,  94,  100,  103,  104, 
125-131 
tests  for,  125-129 
Pressure,  in  blood  capillaries,  161 
and   flow,   through   phloem,    133, 
134,  143-146,  150 
through  plasmodesma,  150,  183 
through  walls,  164-167 


Pressure,  and  flow,  through  xylem, 
133 
gradients,  146,  150-160,  164-167, 
170,  172,  177 
reversed,  209 
in  phloem,  134,  161,  180 

{See  also  Mechanism  of  trans- 
port) 
Protoplasm,   as  path   of  fluorescein 
transport,  186,  204,  207,  209 
of  wall  as  path  of  hormone  trans- 
port, 216 
withdrawal  from  cell,  141,  218 
Protoplasmic  streaming,  affected  by 
respiration,  241 
by  surface  tension,  183,  203,  209 
by  temperature,  181,  182,  224 
in  cambium,  42 

in  companion  cells,  139,  174,  181 
and  concentration  gradients,  176 
and  diffusion  hypothesis  of  trans- 
port, 137,  174-178,  189,  195, 
199,  203,  209,  227 
advantages  of,    177,    178,    228, 

247 
weaknesses  of,  178-188,  195,  242 
and   failure  to   transport   lithium 

or  caffein,  185 
nature  of,  182,  183,  195 
in  parenchyma  cells,  179-182 
through   plasmodesma,    139,    141, 

142,  183,  184 
rates  of,  179,  181-183 
in  sieve  tubes,  174,  175,  185 
and  surface  tension,  183,  203,  209 
and  transport,  112,  137,  139,  143, 
174-178,  203,  209,  218,  227, 
241,  242,  245-247 
of  fluorescein,  186,  204,  207,  209 
of  growth  substance,  215 


R 


Regeneration,  3,  100,  219,  222,  223, 
236-239 
as  affected  by  anesthetics,  222 
by   carbohydrates   or  nitrogen, 

238,  239 
by  temperature,  224 
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Reversals  of  movements,  in  phloem, 
149,  197,  199,  220,  245 
in  xylem,  5,   91-94,   97,  98,    101, 
104,  105,  110 
Ring  wound  dressings,  25,  37,  53, 

126-129 
Ringing,  and  ash  or  mineral  trans- 
port, 47-64,  123 
and  carbohydrate  transport,  6-8, 

12-46,  88,  118,  194 
double,  14-17,  22,  24,  30,  31,  52 
effect,   on   growth,    12-14,   24-29, 
38-40,  130,  235,  236 
on  regeneration,  236-239 
experiments,  interpretation  of,  130 
and  injury  to  the  xylem,  27,  36, 
43,  53,  94,  100,  104,  125-131 
and    nitrogen    transport,    47-64, 

86,  123 
partial,  13,  36,  128-130 
spiral,  58 


S 


Sap,  bleeding,  79-80n.,  117-124,  148 
guttation,  79-80n.,  121,  122,  148 
xjdem,  composition  of,  5,  6,  12,  60, 
78-81,  99,  101-103,  116-124, 
150 
from  different  layers,  101 
extraction  method,  99,  102,  103, 
119-122 
{See  also  Exudation) 
Secretion,  of  ions,  79-80n. 

of  water,  143-145,  148,  156,  160 
Sieve  pores,  calloused,  135,  166,  172, 
180,  226 
fluorescein  movement  through,  205 
mass  flow  through,  135,  138,  139, 
145,  147,  165,  166,  170,  172, 
184 
protoplasm  within,  163,  164,  166 
protoplasmic   streaming   through, 

184 
rates  of  flow  through,    164,    169, 

179,  184 
size,  135,  147,  164,  166,  172,  180 
Sieve  tube,  condition  in,   104,   112, 
134,  135 


Sieve  tube,  content,  134,  228 

abnormal  distribution   of,    138, 
139,  175 
{See  also  Phloem  exudate) 
fluorescein  absorption  by,  204,  205 
hormone  movement  in,  214,  219 
mass  flow  through,  135-139,  143- 

174 
plugging,  161,  162,  178,  226 
pressure  in,  134,  161,  180 
protoplasmic    streaming    in,    174, 

175,  185 
significance  of,  8,  178,  227,  228 
size,  135,  164,  172,  180,  181 
structure,  134,  178 
unequal  distribution  of  materials 
within,    195,    196,    203,    209, 
210,  213,  216,  218 
Significance,  of  sieve  tubes,  8,  178, 
227,  228 
of  translocation,  1-3,  137,  235 
Slime  plug,  138,  139 
Spiral  ringing,  58 

Starch  test,  as  a  criterion  for  carbo- 
hydrate content,  13-15,  19-21, 
24,  31,  221,  225 
{See  also  Carbohydrate) 
Starvation  {see  Carbohydrate,  effect 

on  ash  or  nitrogen) 
Storage  tissues,  12-14,  198 

filling   or   emptying   of,    21,    140, 
152-156,  188 
Sucrose,  fluctuations  in,  196 

gradient,  187,  189,  190,  195,  196 
radial  distribution  of,  192-194 
as  transport  sugar,  187,  188,  192, 
194 
Sugar,  maple,  6 

{See  also  Carbohydrate;  Hexose; 
Sucrose) 
Surface  tension,  hypothesis  of  trans- 
port, 202-204,  208,  209,  222,  228 
and  protoplasmic  streaming,  183, 
209,  241 


Temperature,    effect   on   exudation, 
119-162 
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Temperature,    effect    on  fluorescein 
movement,  206 
on  hormone  movement,  215-217 
on  protoplasmic   streaming,    181, 

182,  224 
on  regeneration,  223,  224 
on   starch-sugar   equihbrium,    19, 

20, 119 
on  translocation,  162,  223,  227 
Tissues,     concerned     in     downward 
transport,  6-11,  88-106,  109 
in  upward  transport,   3-6,   9,   10, 
12-44,  47-86,  103 
in    herbaceous    as     contrasted 

with  woody  plants,  81 
of   organic   as   contrasted   with 
inorganic  solutes,  10,  57,  113 
cross    section,    areas    of,    94-96, 
166,  171,  179 
{See     also     Cambium;     Paren- 
chyma;        Phloem;         Pith; 
Xylem) 
Transpiration,  equalized  from  check 
and  ringed  stems,  30,  50,  56 
indirect  effect  on  salt  content,  72 
minimum  necessary  for  transport, 

54,  75 
from  ringed  stems,  27-30,  50,  53, 

54,  170 
and  salt  absorption,  70-78 
and  transport  through  the  xylem, 
8,  30-33,  50,  52,  54-57,  64, 
70-86,  98,  123,  149 
(See  also  Xylem) 
Trapping,   above  rings,   52,   54,   55, 
57,  60,  61,  63,  86 


V 


Van     den     Honert,     surface     film 
hypothesis,  202-204,  208,  209, 
222,  228 
Virus,  amounts  transported,  214 
electrical  charge  on,  213,  218 
movement,  direction  of,  186,  210- 
214 
independent    of    carbohydrate, 
211,  212 


Virus,  movement,  indicator  of  normal 

transport,  213,  214 
path  of,  same  as  carbohydrate, 

211 
rate  of,  186,  211-213,  218 
relation  to  plasmodesma,  184 
tissues  concerned,  187,  210 

W 

Walls,  as  channel  of  transport,  116, 
135,  164-174,  207,  216,  217,  219 
phloem,  possibly  elastic,  133-135, 
172,  180 
water  content  of,  164,  180 
xylem,  rigidity  of,  133 
Water,  absorption  and  salt  absorp- 
tion, 71,  73,  75 
competition  for  by  tissues,  27-30, 

40,  54,  111,  238,  240 
content,    changes   affecting   inter- 
pretation of  data,  65-70,  221 
effect,    on    starch-sugar    equi- 
librium, 20 
on  translocation,  156-158,  206 
fluctuations  in  xylem,  110,  148 
cross  transfer,  58,  93 
deficiency     above     ring,      27-30, 

125-131 
movement,  independent  of  nitro- 
gen, 58 
of  sugar,  30,  33 
through  phloem,  90 
and  solute  transport,  5 
through  stem  equalized,  50 
removal  from  receiving  cells,  145, 

156,  160,  170 
secretion,  from  cambium,  148,  169 
from  osmotic  chamber,  143-145 
supply  to  shoots  with  xylem  cut, 
36,  37 

X 

Xylem,         backward         movement 
through,  5,  7,  91-94,  97,  98,  105 
conditions  favoring  upward  trans- 
port in,  78,  80,  84,  150,  200 
cutting    experiments,    36-44,    75, 
89,  124,  125 
partial  cutting,  13,  128,  129 
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Xylem,  different  layers  concerned  in 
transport,  101,  103,  104,  110 
direction  of  movement  through,  4, 
5,  7-10,  88-99,  101,  103,  105, 
109,  118 
downward  transport  in,  7,  88-106 
hormone  transport  in,  97,  98,  100 
movement  of  sohitions  introduced 
into,  4,  5,  7,   10,   75,  88-94, 
100-105,  109-112 
nitrogen  transport  in  51,   52,   56, 
58-64,  77-86,  149,  150,  200 
{See  also  Nitrogen) 


Xylem,  plugging  of,  27,  36,  43,  53, 
94,  100,  103,  104,  125-131 
tests  for,  125 
rates  of  transport  through,  4,  92, 

93 
secretion  into,  79n. 
sugar  in,  5,  6,  9,  12,  80,  94,  101, 
105,  116-124 
as   influenced   by   temperature, 
118,  119 
upward   movement   restricted   to, 
140,  149,  199,  201 
(See  also  Sap;  Transpiration) 


